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MECHANISM AND STEREOCHEMISTRY IN THE ANIONIC
POLYMERIZATION OF 1 , 3-CYGLOHEXADIENE AND
THE DIIMIDE HYDROGENATION OF POLYMERS
ABSTRACT
The mechanism of molecular weight limitation in the
anionic polymerization of 1 , 3-cy clohexadiene has been
studied using nmr and gas chromatographic techniques to
detect and characterize benzene as a low molecular weight
reaction byproduct of polymerization. This benzene is
thought to occur by aromatization of cy clohexadienyl anions
formed originally by abstraction of allylic protons from
the monomer by the propagating polymeric carbanion. Such
aromatization is part of a degradative chain transfer
reaction sequence which limits molecular weight and con-
version. Poly cy clohexadiene endgroups were studied by
ultraviolet spectroscopy which indicated that aromatization
of the intermediate cy clohexadienyl anion occurred in com-
plete preference to the alternative possibility of chain
reinitiation by the cy clohexadienyl anion, a process lead-
ing to molecular weight, but not conversion, limitation.
The latter alternative requires one cyclohexadienyl ter-
minal group to be present for each polymer chain
reinitiated; if present, such groups should be readily
vii
detectable in the ultraviolet spectrum but were not
observed.
Considerable interest has existed in correlating
the structure of polymers derived from diene monomers with
polymerization conditions and data is available for several
alley clic diene polymers. In the present study, the struc-
ture of anionically polymerized poly cy clohexadienes was
characterized by nmr and infrared spectroscopy and showed
the effect, on polymer structure, when the diene center was
present within a six member ring. In the infrared studies,
the variation of the C-H out-of-plane stretching deforma-
tions for several cyclic cis olefins (675-8OO cm""^) were
compared to a number of poly cy clohexadienes prepared under
various polymerization conditions. A high 1,2-unit
content was noticed for poly cy clohexadienes polymerized in
both solvating and non-solvating media. The result is
unusual for non-solvating media and the preference for
1,2 addition is thought to be caused by difficult steric
contacts between monomer and polymer ring methylene groups
during propagation.
The nmr spectra of poly cy clohexanes prepared by the
quantatative hy drogenation of poly cy clohexadienes were
determined and related to the cls_ vs. trans placement of
adjoining rings in the polymer backbone. Poly cy clohexanes
viii
derived from poly cy clohexadienes which were polymerized in
polar media exhibited broader resonance envelopes for the
ring methylene protons when compared to the nmr spectra of
polycyclohexanes derived from poly cy clohexadienes
originally synthesized in non-solvating media. Nmr spectra
of cls_ and trans 1,2- and 1, 4-dimethylcy clohexanes
, which
were used as model compounds, indicated this behavior was
characteristic of increasing cis ring placement when the
polycy clohexadiene precursors were synthesized in less
solvating media.
Quantitative hy drogenation of poly cy clohexadiene to
polycyclohexane was effected by treatment of the polymer
with diimide from the thermal decomposition of
£-toluenesulfony Ihydrazide (p-TSH) at elevated temperatures
(110° to 160°C) in aromatic solvents. The final portion of
this work extended the diimide reaction to a variety of
unsaturated polymers. At a p-TSH-to-olefin ratio of 2.0,
homopolymers of butadiene, poly cy clohexadiene , and poly-
isoprene were quantitatively hydrogenated as were two
styrene-butadiene copolymers. Alkyl branching at or near
the residual polymer double bond, as in methyl rubber and
poly-2,5-dimethyl-2 ,4-hexadiene, gave less than 50^
hy drogenation. Poly chloroprene was not hydrogenated by
diimide (conversions less than 10^); this is in agreement
ix
with the behavior previously observed for low molecular
weight olefins.
The unsaturated polymers which were successfully
hydrogenated were soluble and, hence, showed no excessive
crosslinking. Poly cyclohexane and polyisoprene
, the only
samples evaluated for molecular weight changes, exhibited
no chain degradation.
Some qualitative kinetic data was obtained using
per cent conversion vs. time data. Under the conditions
of toluene reflux and p-TSH-to-olefin ratios of 1.5, the
relative rates of hydrogenation for cis
, trans and vinyl
butadiene units was:
cis — trans <• vinyl
• Byproducts from the diimide generation resulted in
the introduction of 0.2 to 1.0% of ^-CH^^SO^- groups into
the polymer based upon 100^ of the double bonds originally
present.
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LITERATURE REVIEW
HISTORICAL
I. Introduction and General Goals
Polycyclohexadiene is formed most effectively from the
anionic polymerization of 1 , 3-cy clohexadiene (1,3-CHD).
However, the maximum obtainable molecular weights to date
by this procedure are limited to about 10,000-15,000,
apparently as a result of poorly characterized transfer or
termination reactions. Examples of this sort in "living
polymer" systems are not numerous and their understanding
at a mechanistic level would be of interest and could lead
to development of a higher molecular weight material.
Polymerization of 1,3-CHD is also of potential inter-
est from the viewpoint of polymer sterochemis try
. Exten-
sive, and sometimes elegant work has been done to relate
polydiene mi crostructure to reaction conditions, polymer
physical properties and monomer structure. In this regard,
the effect of having the diene center present in an
unstrained ring system has not been examined and represents
a gap in the current state of this information.
In a broad sense, this thesis describes, first,
nie(:h;j.n i.:; 11 c studies done to a.scortain the reason:^ for
molecular weight and convci'nJ.on limitation in the anionic
2
3polymerization of 1,3-CHD. Next, analytical methods
developed to study polymer microstructure are described
which allowed this parameter to be related to reaction con-
ditions. Related to this stereochemical study, polycyclo-
hexadiene was converted to poly cy clohexane
, a novel
polymeric material, by the use of a diimide hydrogenation
technique previously established for low molecular weight
materials. The technique exhibited several potentially
interesting synthetic features in its use with a polymeric
substrate. Thus, the final portion of this work treats the
extension of the diimide hydrogenation technique for use
with unsaturated polymeric substrates.
II. 1, 3-Cy clohexadiene—The Chemistry
of the Monomer
A. The cy clohexadiene system
. 1,3-CHD is known to be
readily susceptible to several, usually unwanted, chemical
transformations under quite mild conditions which can
effect the polymeri zability of this material. These
include oxidation, dlmeri zation
,
disproportionation, and
isomeric rearrangement. Thus, various aspects of 1,3-CHD's
known organic chemistry suggested several requisites in
handling and preparation of ] , 3-CHD prior to and during
reaction. Certain of the techniques and experiments
ultimately adapted were based on this behavior. The
relevant information is reviewed in this section.
B A^vailability
_ojll,3zCm 1,3-CHD is available
commercially in experimental quantaties from the Columbia
Chemical Company and several preparations for this material
are extant in the literature (I-5).
~
Physical properties of 1 . S-cvcl ohpy^ diene and
related substances. 1,3-CHD, 1, 4-cy clohexadiene (1,4-CHD),
cyclohexene and benzene, are constantly referred to in this
work and their physical constants have been collected in
Table R la,b for reference.
^ Thermal dimerization and disproportionation
. Con-
jugated dienes such as 1 , 3-butadiene undergo 1,4 addition
with dienophiles to yield Diels-Alder adducts
. These
reactions occur between 0°C and 200°C either in the
presence or absence of solvents (8). The cisoid configu-
ration of the diene is required for Diels-Alder addition.
Thus, cyclic dienes which possess a locked-in cisoid
configuration exhibit particularly enhanced reactivity as
compared to open chain analogs (i.e., butadiene). For
example, 1,3-CHD gives the maleic anhydride adduct in
quantitative yield in benzene at room temperature (9,
p 1446) .
1,3-CHD may react with itself in a Diels-Alder fashion
(10,11). This process proceeds via a diradical intermedi-
ate which yields both polymeric and disproportionation
5TABLE R la
PHYSICAL CONSTANTS OF 1,3-CHD AND
RELATED SUBSTANCES
Compound Refer'
ence MW MP(°C) BP(°C) Denslt y n20
D
1, 3-CHD 7 80 .14
1,4-CHD 7 80 .14
cyclo-
hexene 6 82 .14
benzene 6 78 . 11
-89 .0
-49 .2
103.7
5.51
80 .5 0. 840
85 .6 0. 847
83 .0 0. 8102
80 .1 0. 879
1.47548
1.4725
1.4451
1.5011
TABLE R lb
ULTRA VIOLET ADSORPTION PROPERTIES
AND RELATED MATERIALS
OP 1,3-CHD
Compound Reference Solvent max
.
max
.
1,3-CHD 7 methanol 259 mu 10 ,000
1, 4-CHD 7 n-he xane 224 mu 32
270 mu 3
cy clohexene 7 methanol 207 mu 450
b enzene 7 methanol 243 mu 158
249 mu 200
256 mu 252
261 mu 158
6products in addition to dimers
. Initial studies at 200°C
in bulk (11,12) established two major products of the
thermal dimerization (Figure R la). Recent reports (13,
1^,15) indicate that dimerization and disproportionation
are competing processes with thermal (radical) polymeriza-
tion. The relative extent of these reactions depends only
on temperature, and both proceed by an open chain,
diradical mechanism (Figure R lb )
.
Kinetic results for R =
-d( 1, 3-CHD) /dt = k(l,3-CHD)^,
where k = k^.^^^ +
^polymer' ^^^^ ^ = 8.48 x 10^
exp(-13.1 kcal/RT). At 200°C, k^/k^ = 1.21, a ratio which
Increases as the reaction temperature is decreased. At
100°C, k was found to be 1.8 x lO"^ cc/mole-sec, while the
calculated value at 0°C is 3 x 10"^ cc/mole-sec or about
1/600 the rate at 100°C. At 100°C, 30^ of the original,
monomer was observed to be converted to dimer, polymer and
disproportionation products in twenty-five hours. Thus, it
might be anticipated that roughly 0.5 to \i per month of an
initially pure 1, 3-CHD sample would be converted upon
storage at 0°C! In one study (16) a synthesis of 1, 3-CHD
analyzed by gas chromatography gave 96.9^ 1, 3-CHD, \ .1%
cy clohexene; , and benzene. Twelve hours storage at 0°C
gave the analysis 94.4^ 1, 3-CHD, 2.6^ cyclohexene, and
3.0^ benzene. Presumably the disparity in the relative
FIGURE R la. Pj;oducts^in the Thermal Dimerlzatlon
200°G
>
endo isomer exo isomer
h T^OoJ^'^n^r''^ ^i^O^ productb.p. 226C/746mm b.p. 229C/746mm
endo/exo =4/1
FIGURE R lb. Open-chain Diradical Mechanism of
the Dimerization of 1,3-CHD.
Disproportionation
H
Intermolecular
Rearrangement
Intramolecular
coupling
Dismutation
• + ^ d,e
N
+
8amounts of cyclohexene and benzene Is accounted for by the
inertness of the latter while cyclohexene may still undergo
various reactions. The effect of oxygen is to slightly
increase the conversion rate and modify the dlmer/polymer
ratio In favor of the dimer. Thus at 200° C and 20 hours
with [1,3-CHD] = 9M in benzene, 1.1 x lO'V 0^ changes the
conversion from to 80^, and dimer to polymer ratio from
1.38 to 3.76.
~
Base induc ed isomerl zation and allyiic abstraction
of 1,3-CHD
.
The propagation sequence in anionic poly-
merization involves addition of monomer units to the ter-
minus of a "polymeric" carbanion, a process which can also
involve the counterion depending upon the solvating power
of the medium. Since the polymeric carbanion is a strong
(organic) base, the known behavior of the monomer in the
presence of bases may act as a guide to processes which can
occur during polymerization. Clearly, if processes other
than addition occur, these will limit molecular weight, and
possibly, conversion.
Bates, Carnigham and Staples (18) made such a study on
the cy clohexadlene system. In separate reactions, pure
1,3-CHD or 1,4-CHD were isomerized with potassium
tert- amvl oxide in tert-amyl alcohol-O-d for ^5 minutes at
95"C (Figure R 2). The isomerizations were held to low
9conversion to prevent poly deuteratlon (<0.3^).
FIGURE R 2. Base Induced Is omerization of 1,3-CHD.
A a
b +
27.71 0
kcal/
Analysis of the products by mass spectroscopy indicated
that position "a" was protonated eight times as fast as
position "b" (see Figure R 2). Since the result was the
same using either pure 1,3-CHD or 1,^-CHD as starting
material, a common allylic anion was apparently involved.
Using additional rate data, the authors were able to con-
struct the activation energy-reaction coordinate profile
given in Figure R 2. It indicates that the collapse ratio
for the cy clohexadienyl anion follows the Hughes-Ingold
rule (19)
:
. . . when a proton is supplied by acids to the
mesomeric anion of weakly ionizing tautomers of
markedly unequal stability, then the tautomer which
is most quickly formed is the thermodynami cally
least stable; it is also the tautomer from which
the proton is lost most quickly to bases.
10
1,3-CHD this results In rep.otonatlon or the anion to
preferentially form the ther.odynamically less favored
1,,.CHD isomer In the observed 8 to 1 ratio. Of particular
importance, allylic abstraction and isomeric rearrangement
are seen to be viable alternatives to addition when
1,3-CHD is in the presence of carbanions.
The process discussed above was an intermolecular
isomerication, and as such required a separate exchanging
species (i.e., the solvent, tert-amyl alcohol-OD) to be
present. However, such isomerizations are known to proceed
intramolecularly. Thus 3-pheny 1-1-butene (3-1) was
observed to isomerize in tert-butyl alcohol-OD-potassium
tert-butoxide to cis and trans 2-pheny 1-2-b utene (3-11, in)
with intramolecularity (26).
FIGURE R 3, Intra;nolecular Isomerization in the
3-pheny 1-1-butene system.
0
t-BuOK CH^ ^CH^ CH'^
3-II 3-111
Intramolecular rearrangement was greatest in non-
dissociating media (27). Thus, in going from ethylene
glycol to tert -butyl alcoho] , the ratio Increased
((Intra )/(lnte.)) fro.
.14 to
.30. A .echanls. was postu-
lated Which involved the leaving group becoming concur-
rently hydrogen bonded at both anionic sites (Figure R 4).
FIGURE R 4. Mechanism for Intramolecular andintermolecular Rearrangement of
3-phenyl-i-butene by potassium-t-butoxide
.
H
r I0 H
1 I
CH^-C-C = CH^ t-BuO \ .0.
Internal Exchange
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t-BuOD -
Intermolecular Rearrangement (^-6%)
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e
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To provide the best geometry, the hybridization was
thought to be between sp^ and sp3 with the C-C-C bond angle
decreasing to less than 120°. Collapse of the discrete
intermediate (4-1) then gave the intramole cularly
rearranged product (H-IV). Alternately, the hydrogen
bonded leaving group may first exchange with molecules of
the opposite isotropic type in the medium before the
transition state collapses (H-II). This route yields the
intermolecular product (4-III).
If such an isomeric rearrangement was active during
the anionic polymerization of 1,3-CHD (see Historical,
Part III, Polymerization Chemistry of 1,3-CHD), and pro-
duced small amounts of 1,4-CHD, the effect would be con-
siderable as summarized in Table R 2 (20).
In summary, the 1,4 isomer does not homopolymerize
anionically and its presence during the anionic polymeriza-
tion of 1,3-CHD reduces molecular weight and conversion.
Being activated by two double bonds, the allylic protons of
1,4-CHD are especially acidic. With four allylic protons,
1,4-CHD is apparently a particularly deleterious chain
transfer agent in 1,3-CHD polymerization.
This possibility was investigated further in an unpub-
lished nmr study by Lenz and Adrain (39). In an nmr tube,
1,'4-CHD was contacted with n-buty llithlum in hexane (1.6m)
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and the nmr' spectra of the solution determined as a func-
tion of time. No change occurred for contact times up to
five days. Addition of tetrahy drofuran (THP)
,
however,
caused a rapid loss of 1,4-CHD peaks ( 2 . 62ppm;5 . 67ppm) and
growth of a singlet peak attributable to benzene (7.3i|ppm)
(Table R 3) •
TABLE R 3
THE AROMATIZATION OP l,i|-CHD WITH
n-BUTYLLITHIUM IN TETRAHYDRO-
FURAN AT 35°a
Time (min) Peak Height Ratios^benzene-1 ,i|-CHD
0 to 5 days, hexane only
0 (from time of THP addition)
6
9
15
21
no observed change
0.44
3.11
5 .00
11.20
18. 0^
^Operating temperature of Varian probe.
^Sample of 1,4-CHD contained a small amount of
benzene as an impurity.
"^Reaction completed.
Experimental Conditions: 1 . 3nil of 1 . 6M n-buty llithium
was added to0.2ml (170mg) 1, 4-cy clohexadiene in a
standard nmr tube purged before and after addition
with nitrogen and capped. After 5 days, two drops
(0.05 toO.l ml) of tetrahydrofuran was added.
Apparently, reaction between n-buty llithium and 1,4-CHD
proceeds slowly or not at all in non-polar solvents at room
15
temperature. This Is possibly a kinetic problem related to
the tendency of n-buty llithium to form unreactlve self-
aggregates in aliphatic media. With the addition of a
small amount of tetrahy drofuran the aggregates became
solvated and reaction subsequently occurred. A white solid
was formed during this reaction which reacted vigorously
with water and exhibited a strong flame test for lithium
after water treatment. Therefore, the following ally lie
abstraction and aromatlzation reaction was thought to take
place under these conditions:
Li®
^ \ />+ LiH
LiH -t- > H^Cg) + LiOH
The results are consistent with the previous Japanese work
/ and, further, suggest a specific termination sequence which
would kill the kinetic chain if the abstracting species
were a polymeric carbanion. Further, the apparent forma-
tion of the cy clohexadienyl carbanion as an intermediate,
and the Bates et al . work which indicates this is a common
species in the allylic abstraction (by bases) of 1,3- and
1,^-CHD, suggests 1,3-CHD may undergo a similar reaction
(though to lesser extent) during its polymerization.
16
F. Effect of oxygen an d, oxidation on cv Pj_nh^o^^^
Compounds containing ally lie hydrogen atoms react with
oxygen to form peroxides. This process is particularly
rapid with 1,3-CHD and l,l|-CHD and the polar products
formed would be injurious to anionic polymerization.
There are two principal oxidation routes for 1,3-CHD:
oxidation by excited singlet oxygen, and autoxidation
. The
former can be light induced and leads to the formation of
5,6-dioxabicyclo(2.2.2) octene-2, "noras caridiol"
(Figure R 5) (22) .
FIGURE R 5. Photo-oxidation of 1,3-CHD.
+ 02
Of more practical interest, the products (23,2^) and
kinetics (25) of the auto-oxidation of 1,3-CHD in the
liquid state have been evaluated and reviewed. Auto-
oxidation of 1,3-CHD in bulk at 30°C and 960mm 0^ gave the
interesting polymeric peroxide depicted in Figure R 6.
FIGURE R 6 Polymeric Peroxide Formed in the
Auto-oxidation of 1,3-CHD.
I 0,, O-O o—
o
1,4 addition bO%
1,2 addition 20%
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The polymer is a clear, viscous liquid having a molecular
weight average of 550 corresponding to a DP of 5 or 6. A
microstructural analysis was performed via gas chromato-
graphic and nmr techniques and indicated addition was
% 1,^ and 20^ 1,2. The rapidity of this process can be
appreciated from the results of Howard and Ingold (25).
The oxidations were performed at 30°C in chlorobenzene
.
Results for 1,3-CHD, 1,4-CHD, cyclohexene and a few addi-
tional hydrocarbons selected for comparison are given in
Table R 4. In all cases the protons abstracted are
TABLE R k
RATES OF AUTO-OXIDATION FOR CYCLOHEXADIENES
AND RELATED MATERIALS
Material k^/ 2k, x 10^ k ^ ^ /H k x in"^P t abstr.^" ^
1,^-CHD 230 1
.5 2
, 8
1,3-CHD 10,000 55 33
cy clohexene 3,900 370 630
bibenzy
1
13 0 . 14 10
indane 170 1,,2 4..1
tetralin 230 1
.
,6 3.,8
Above k's are defined by:
RO^
.
+ RO^ . t^inactive products
RO^. + RH -^p^ROOH + R.
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secondary, and since k^^^^^/H is normalized to allow for
statistical factors, the values given are direct measures
of relative C-H reactivity. Two factors are apparent.
First, kp/ 2k^ ratio, a measure of kinetic chain length, is
relatively large for 1,3-CHD and l,i|-CHD. This is consis-
tent with the observed formation of the polymeric
peroxides. Secondly, as measured by k^^^^^/H, the ally lie
hydrogens of 1,3-CHD and l,l|-CHD are 100 to 1000 times more
liable than those of structurally similar hydrocarbons.
^ Conclusion . Several important aspects of the
chemistry of cy clohexadiene are apparent in the preceding
discussion. First, the monomer should be stored in the
cold and handled under oxygen-free, inert atmosphere. Such
precautions are required to minimize the formation of
various impurities which include dimers
,
dlsproportionatlon
and oxidation products. Firstly, polymeric peroxides form
under mild conditions and would be particularly detrimental
to anionic polymerization. Secondly, it is necessary to
vacuum distill the monomer at low temperatures just prior
to use to remove all impurities except benzene and cyclo-
hexene which apparently would not effect the polymeriza-
tion. Because of closeness in boiling points and structure,
and the in situ formation of cyclohexene, benzene and dimer
from 1,3-CIlD upon heating, special separation means are
19
required to remove these latter substances when this is
required for certain studies. Prep.arative scale gas
chromatrography is particularly useful for this purpose.
The potential of the polymeric carbanion to undergo
allylic abstractions or isomeric rearrangements of the
monomer appear to be possibilities which have yet to be
evaluated. These factors may account for molecular weight
and conversion limitations encountered by previous workers
in attempted polymerizations of this monomer. Some of the
studies reported on in the latter part of the thesis have
been designed to test the validity of this assertion, and
to suggest experimental corrections.
111. Poly cy clohexadiene Polymerization Chemistry
A. Prior polymerization procedures
. 1,3-CHD was
first polymerized thermally by Hofmann and Damm in 1925
(10). Since then, all the conventional initiation methods
have been used to effect polymerization of 1,3-CHD. These
include anionic (3,^,20,21), cationic ( l6 ) , radical (3 and
references therein, 18-20), Ziegler-Natt a (28), and irra-
diation (3)- The use of thiourea canal complexes (29)
and transannular polymerization of 1,4-CHD (30) to give
poly cy clohexene have also been described. As summarized
in Table R 5j all attempts reported to date gave polymer
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molecular weights under 20,000 and conversions less than
80^. The best molecular weights and conversions were
obtained with anionic polymerication in aromatic hydro-
carbons at low temperature. This particular technique is
of interest here and will be considered in detail.
—
^"ion^c polymerization of l.^-CHD . The first
reported anionic polymerization of 1,3-CHD was published by
Lefebvre and Dawans in 196^\ (3), with subsequent and
related studies by Cassidy, Marvel and Ray and Lussi
and Barman (21). A wide range of solvents, temperatures,
and monomer to initiator ratios have been utilized.
Regretably, the relationship of reaction conditions to
polymer properties and structure is obscured by apparently
inconsistent data between, and even within, the three
studies above. These inconsistencies are probably due to
one or more of the following: (1) failure to identify
distinct initiation and propagation sequences when working
in non-polar media with n-butyllithium initiator, (2) reac-
tions (chain transfer) competing with normal propagation,
and (3) insufficient care in the handling and purification
of reagents, possibly leading to formation of polar
impurities which can inhibit polymerization. For these
reasons, quantitative data on this polymerization is lack-
ing and general trends are sometimes difficult to Identify.
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In the ensuing paragraphs data has been selected from the
references for comparison where a correlation is thought to
exist. However, it is emphasized that the information is
sketchy and of a qualitative sort.
^ !^olecular weight, conversion, and reaction condi -
tions in the polymeri zation of l.VCHn . Sufficient data
appears to exist to correlate molecular weight and per
cent conversion with temperature, solvent, counterion, and
monomer to initiator ratio. The data is collected into
Tables R 6a to H 6d. When reported, the polymerization
times were 3 days or longer, which hopefully was sufficient
time to achieve near the maximum conversions and molecular
weights possible with each set of experimental conditions
examined
.
The effects of temperature for reactions in polar
(i.e., tetrahydrofuran, dimethoxyethane ) and non-polar
media (i.e., benzene, toluene) are presented in Table R 6a.
The results of two independent sets of experiments indicate
molecular weight and conversion increase as the reaction
temperature is lowered in all four solvents. This is
consistent with and suggests the possibility of chain
transfer reactions occurring in addition to the normal
propagation reaction. Normally these reactions have dif-
ferent temperature dependencies so the ratio
23
TABLE R 6
EFFECT OF REACTION PARAMETERS ON MOLECULAR
WEIGHT AND CONVERSION IN THE POLY-
MERIZATION OF 1,3-CHD
TABLE R 6a--EFFECT OF TEMPERATURE
Tempera-
ture (°C) (M)/(L1)
•^^^inh
Per Cent
Conversion Reference
Tetrahydrofuran
, Li counterion
-80
-20
+ 50
-30
-14
0
+ 14
+26
16
16
16
16
60
60
60
60
60
0.115
0.056
0.054
0.037
0.175
0.156
0.138
0. 132
0. 121
85
84
71
79
4
4
4
4
21
21
21
21
21
Dlmethoxyethane , Li counterion
-32
-13
+ 20
+ 28
60
60
60
60
0.160
0.126
0.095
0.091
• •
• •
• •
21
21
21
21
Benzene, Li couriterion
-20 r?) 162 0.131 3.5 4
+25 162 0.212 54 4
+60 162 0.110 2.4 4
+24 .. 0.234 .. 21
+46 .. 0.210 .. 21
+63 .. 0.181 .. 21
Toluene, Li counterion
0 . . 0 .256 . . 21
+20 .. 0.236 .. 21
+50 0.200 .. 21
+60 .. 0.190 .. 21
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TABLE R 6— Continued
TABLE R 6b--EFPECT OF SOLVENT
npera- (M)/(L1) Solvent
L^-^inh
Per
Cent
Conver-
sion
Refer-
ence
4- 0 c: lb benzene 0.14 3 47 4
ID tetrahydrofuran 0.054 71 4
+ 28 60 dimethoxyethane 0.091 21
+ 26 60 tetrahydrofuran 0.121 21
+ 2^
• • cy clohexane 0.182 21
• • cy clohexane 0. 218 21
+ 24 • • benzene 0.234 21
+ 20 •
«
toluene 0.236 21
+ 30 166 tetrahydrofuran
,
bulk dloxane
• t 55 3
+ 30 166 diethy lether • • 65 3
+ 30 166 heptane
,
cy clohexane
• • 75 3
+ 30 166 benzene • • 98 3
25
TABLE R 6— Continued
TABLE R 6c—EFFECT OF COUNTERION
Temperature (°C) oo iven
u
^^^inh Reference
-32 DME Li 0.160 21
-32 DME Na O.170 21
-32 DME K 0.139 21
+ 20 DME Li 0.095 21
+20 DME Na 0.112 21
+ 20 DME K 0.072 21
-30 THF Li 0.175 21
-30 THF Na 0.188 21
-30 THF K 0.120 21
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TABLE R 6— Continued
TABLE R 6d--EFFECT OF THE ( MONOMER) /( INITIATOR) RATIO
Tetrahydrofuran
,
LI counterion
J small ratio
+ 25 8 0.032 81 4
+ 25 12 0.036 80 4
+ 25 16 0.054 71 4
+ 25 32 0.079 40 4
Tetrahydrofuran, Na counterion, large ratio
0 105 0.114 21
0 132 0.110 21
0 265 0.114 21
0 525 0.113 21
0 785 0.114 21
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^transfer^^propagation and the molecular weight varies with
temperature at constant monomer to initiator ratios. The
anionic polymerization of vinyl mesitylene in tetrahydro-
furan (Na* counterion) exhibits such behavior (32). Over
the range
-70 to +25°C the molecular weight of the polymer
is temperature dependent. It was shown that the monomer
may undergo normal propagation (Figure R 7a) or participate
in a proton transfer reaction (Figure R 7b) which yields a
carbanion too inactive to reinitiate polymerization.
Lowering the temperature slows the rate of proton transfer
more than the propagation rate, so molecular weight
increases at lower temperatures.
FIGURE R 7. Variation of Molecular Weight with
Temperature in Vinyl Mesitylene
Polymerization
P^VN®.+ CE^-^J^CE=ClL^—^T^m-E + eCH2^ VCH=CH2
The effects of solvent are considered In Table R 6b.
Generally, n.^^ and per cent conversion increased in the
order polar solvents ^aliphatic solvents <aromatic
solvents. The relation aliphatic <aromatic is reasonable
on the basis that particularly slow initiation and propaga.
tion occurs in the former. In this case, termination by
adventitious impurities is relatively more important.
Also, we have since observed that the polymer is Insoluble
in aliphatic media, so that precipitation occurs and
interfere with molecular weight and conversion. The fact
that polar solvents such as tetrahydrofuran and
dimethoxyethane give the lowest molecular weights and
conversions may suggest two things. First, in contrast to
aromatic or aliphatic solvents, these materials react with
polymeric carbanions to form alkoxides and "dead" polymer
chain ends. Secondly, tetrahydrofuran and dimethoxyethane
solvate lithium counterlons so that propagation is
dominated by species wherein the counterion is "solvent
separated" from the polymer carbanion (33, PP ^10-413;
Figure R 8) . Perhaps these species more readily
FIGURE R 8. Nature of the Propagating Endgroup
in Anionic Polymerization
P -M^^PM^^P
n ^ n n
S M —±: P - S + SM
^ n
P = polymer
m"^ = metal
S = solvent
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participate in reactions which lead to chain transfer or
termination. This possibility remains to be evaluated.
The effects of varying the counterion are collected in
Table R 6c. In te trahy drofuran and dimethoxy ethane the
inherent viscosities are reduced with potassium and
sodium as the counterion. This effect is possibly due to
cluttering in the transition state by the relatively large
sizes of sodium and potassium ions as compared with
lithium. As will be discussed in detail later, the prop-
erties for this monomer embody difficult steric contacts
among ring methylene groups. Large counterion size would
be expected to aggrevate this situation, especially since
these ions solvate poorly and thus remain in close
proximity to the reaction center. These steric factors,
then, would reduce molecular weight and conversion.
Table R 6d describes the effect of varying the monomer
to initiator ration. In tetrahy drofuran with lithium
counterion and monomer to initiator ratios from 8 to 32,
molecular weight was inversely proportional to initiator
concentration. This behavior is normally anticipated for
rapid initiation and propagation which occurs in this
solvent with lithium. In tetrahy drofuran with lithium
counterion tlie monomer to initiator ratio was varied from
10'; lo y8') with essentia] .Ly no change in the molecular
30
weight of the product. Here, it might be that at such high
ratios the polymerization process occurred for all chains
before the monomer completely reacted. In this regard, percent
conversion data would have been useful.
2j Molecular weight limi ting reactions in
^j^J^:!!^
polymerization. The fact that less than theoretical con-
versions (<80^) and low molecular weight ceilings occur in
1,3-CHD anionic polymerization indicates that chain trans-
fer or termination processes are active. This situation
has been recognized by previous workers and two chain
transfer schemes have been postulated.
A "hydride elimination" scheme was suggested by
Lefebvre and Dawans (8) who noted that iodine titrations
of several poly cy clohexadienes indicated only Q0% of the
expected unsaturation (Figure R 9). Noting that the end-
groups of such polymers should be apparent in the ultra-
violet spectra of the polymers, Cassidy, Marvel and Ray (9)
recorded the chloroform spectra of a sample synthesized in
benzene. Bands were observed at 261.1, 254.7, 248.7 and
242 mu and thought to be consistent with the phenyl end-
groups which result in the Lefebvre and Dawans scheme.
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FIGURE R 9. Previously Suggested Termination
r^echanisms in the Polymer: zation
of 1,3-CHD (8). -
Also, these authors postulated a possible reaction of the
polymeric carbanion with the solvent in polar media as
shown in Figure R 9. Abstraction reactions of this sort
are well established except that attack is now thought to
result in opening of the tetrahydrofuran ring to yield a
lithium alkoxide (35)-
There are several possible shortcomings in the
hydride elimination scheme. First, the cy clohexadieny
1
carbanion (9-II) was depicted immediately reinitiating
polymerization which allows for limitation in molecular
weight but not conversion. In fact, both are less than
theoretical. Secondly, the iodine titration was not per-
formed on a known standard (e.g., polybutadiene ) nor was
the spectra of the polymer redetermined after titration.
Thus, it Is not known whether the 80% level of unsaturatlon
represents lack of oleflnlc content or Incomplete titra-
tion reaction. Also, at a level of S0% unsaturatlon the
mechanism above would require molecular weight ceilings
around I5OO, and aromatic proton resonances clearly present
in the polymer nmr spectra. In practice these circum-
stances are not observed. Further, the postulated
rearrangement to phenyl endgroups generally requires
elevated temperatures. The interpretation given the ultra-
violet spectra are questionable because of the possibility
of Incomplete benzene removal (the ultraviolet adsorption
maxima of benzene are 2^3, 249, 256, and 261 mu) and the
use of N-phenyl-2-napthylamlne as an antioxidant. Since
both adsorb strongly in the ultraviolet, and large sample
sizes were used (20 gm/1 using 1 cm cells; molecular
weights about 5000), these results appear subject to ques-
tion.
As an alternative to the "hydride elimination"
mechanism, Lussl and Barman (26) postulated the "allylic
abstraction" scheme given in Figure R 10.
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FIGURE R 10. Allylic Abstraction Scheme in the
Polymerization of 1,3-CHD
Previously Suggested.
a. Allylic Abstraction
Li® ^
Li
H
H
^ II III IV
b. Reinitiation and Propagation
V
c. Hydride Elimination with Addition to a Second
Monomer Unit
IV
. ^ y -liilU O ' OT >P°ly-ror
VI VII „ J—V e
>r)isproportionation
The initial step is abstraction of an allylic proton from a
monomer unit (II) by the polymeric carbanion (I) to termi-
nate the polymer chain (III). The cy clohexadieny I car-
banion so formed (IV) then either reinitiates another
polymer chain (Figure R 10, b) or, in an unspecified man-
ner, loses lithium hydride and forms the active species
(VII) and benzene (VI). The active species (VII) may then
reinitiate, or disproportionate to form cyclohexene.
Again, the overall process limits molecular weight, but
not conversion.
—
^^icJ^Qstructure of poly cyclohexene
. The possi-
bilities for tacticity, structural and geometrical
isomerism in poly cy clohexadiene are described in
Figure R 11 a-d. The infrared spectrum of
FIGURE R 11. Microstructure of Po ly cy clohexadiene
threo-dii sotactic
H'
'—
'
VH
di syndiotactic
i so- syndiotactic erythreo-diisotactic
/
1 , 2 addition
or "v^
1,4 addition
or
cis-nng
insertion
trans ring
insertion
polycyclohexadlenes synthesized arionically in dimethoxy-
ethane and benzene, and by Zlegler-Natta catalysis
(lithium aluminum hydride-titanium [IV] tetrachloride in
various media) are consistent with a chain composed of
cyclohexene repeating units (Figure R 12). General
adsorbance occurs at 3015 cm~^ (olefinic C-H stretching),
1650 to 1680 cm~^ (C=C stretching), and between 700 and
800 cm"^ (dlsubstituted els olefin C-H out-of-plane
stretching deformation). Curiously, some confusion has
existed on this latter assignment which is illustrated by
a quote from the Lefebvre and Dawans article (3, p 3291):
From the standpoint of their mi crostruct ure all
polycyclohexadlenes synthesized in non-complexing
media are comparable, no matter what the iniator
used. They are mainly composed of cyclohexene
1,^ substitution units, and the double bond con-
figuration is cis and trans
.
The authors assigned the adsorbance at 725 cm""^ to cis
double bonds and a (small) peak at 975 cm""'" to trans
double bonds. However, the residual double bonds in the
polymer are part of cycloh exene structure units, and can
occur only in the cis configuration. As noted in
Figure R 11, cis /trans isomerism can occur, but this
terminology refers strictly to ring placement. Further,
it has since been noted by us that the 965 cm band
remains after the polymer has been completely hy drogenated
,
thus it is apparently not sensitive to geometrical
36
FIGURE R 12. Infra-red Spectra of Poly-
cyclohexadienes Synthesized
in Various Media.
11 12 13 1^ 15
1400 1300 1200 1100 1000 900 Soo
—TOO
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Curve A: Benzene Curve B; Dimethoxyethane
1
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Syntht si-i^'ed Polymer
peak A
B
C
D
- 725 cm
- 975 cm
- 1310 cm
- 1680 cm'
-1
-1
-1
1
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isomerism
.
The infrared spectra does, however, contain useful
information about repeating unit structure. Inspection of
the spectra indicates that the adsorbance between 700 and
800 cm ^ changes in a characteristic fashion depending upon
the conditions of synthesis. This particular observation
has yet to be fully interpreted, or exploited in the
literature as possibly indicative of microstruct ural com-
pos t ion .
The nmr spectra of poly cy clohexadienes have been
determined and three broad peaks occur at 1.6, 2.0
(aliphatic) and 5.62 ppm (olefinic) respectively. In
interpreting the spectra the non-olefinic protons in
poly cy cl ohexadiene were divided into those directly
adjacent to the double bond (11-^; 2ppm) and those further
removed i^^p' l-^PP"^) (Figure K 13)- Thus, for complete
FIGURE R 13. Determination of 1,2 vs. 1,'4
Addition in Poly cyclohexadiene
via NMR.
Dioxane, THF (H, /Hp) y, = 1
Et^O, DME 1
benzene, heptane (^1/^2-^ obs '^^'^^
absorbs at 2 ppm
H2 absorbs at 1.5 ppm
1,^ addition (H^/H^) = 2/^ = 1/2, while for only 1,2 addi-
tion (H^/H^) =3/3=1. For po ly cy clohexadienes synthe-
sized in tetrahydrofuran, dimethoxyethane
,
dioxane, and
diethyl ether, the observed proton ratio value approaches
1, while in heptane, cyclohexane, and benzene the values
are about 2/3, corresponding to approximately 70fo 1,4 addi-
tion. The peaks in 60 Mllz spectra were broad and consid-
erably overlapped in the aliphatic region; only the
aliphatic and olefinic proton resonances being completely
resolved. Therefore, me^asurement of peak areas involves
several per cent (10^?) error. There may also be a ques-
tion of assignment. In various cyclohexenes substituted
only on the ring olefinJc carbons (e.g., 1- or
2-methylcyclohexene, 1 , ?-dimethy Icy clohexene ) , it is true
that the ring methylene protons resonate in two groups:
those attached to carbon atoms next to, and those on carbon
atoms further removed from the olefin bond. However, in
the case of poly cy clohexadiene , two of the ring methylene
protons become methine protons and a corresponding shift
upfield might be expected. For 1,4 placed units, the
protons next to the double bonds are both methine protons,
while the foui' further removed are all methylene protons.
In this case it is likely that these two types of protons
will exhibit distinct chemical shifts, and be observed at
39
two separate nmr resonances. However, in 1,2 ring place-
ment, the set of protons next to the double bond is a
mixture of one methine, and two methylene protons as is
the set of protons further removed. In this case it seems
questionable that each group should exhibit separate
resonances
.
L: Polar additives in the polymerization of 1,3-CHD
.
Reaction rates, and stereochemistry of addition are sig-
nificantly altered when intentionally added polar
materials are present during anionic polymerization reac-
tions in non-polar media Such materials have
included inorganic lithium salts (^1), lithium alkoxides
(^1, ^2, '13), and pure polar liquids as tetrahy drofuran
(^^, ^5). Some unpublished preliminary research on the
effects of similar additives on 1, 3-CHD-n-butyllithium
polymerization has been conducted by Lenz and Adrian (38,
39). Present research on the 1,3-CHD system originally
stemmed from that background material, which is summarized
in this section.
One particularly interesting observation in the work
of Lenz and Adrian was that when some additional
n-buty llithium was added to reinitiate a 1,3-CHD poly-
merization In tetrahy drofuran at -78°C that had been
i.nMdvertent 1 y terminated by some adventitious carbon
dioxide gas from a cold bath, the product yield and
molecular weight were apparently enhanced when compared
with carbon dioxide free systems (Table R 7a, b). It was
thought that a new catalyst system may have been formed in
this reaction. However, information on the proposed new
catalyst system was sketchy. it appeared that the system
functioned well only in te trahydrofuran at low temperature
(-78°C), and that the modified catalyst might be hetero-
geneous rather than homogeneous. The latter thought was
suggested first by the formation of a fine white precipi-
tate upon addition of carbon dioxide to n-buty llithium
(see later discussion), and by the altered nature of the
products. Isolation of catalyst solid indicated large
amounts of lithium were present (33f. ash, 48^ C, 8^ H;
strong lithium flame test) and gaseous evolution upon
treatment with dilute acid was thought to suggest the
presence of carbonate groups. In an alternate approach,
compounds which could result from the reaction of
butyllithlum and carbon dioxide were added as
co-catalysts in otherwise normal n- butyl lithium-only
polymerizations. These compounds included:
t/. -ethy 1-n-caproi c acid, butyric anhydride, propionic acid,
valeric acid, lithium carbonate, dibutyl ketone and
tert-buty 1 alcohol. However, none of these compounds
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produced the simultaneous combination of high yield and
higher molecular weight observed with the in-situ
preparation of the catalyst.
Carbonation of alkyl or aryl lithium reagents to pro-
duce either the corresponding acids (48, p 556) or ketones
(49, p 128) has been known for some time and is summarized
in Figure R 14. This chemistry may provide a guide to
FIGURE R 14. Carbonation of Lithium Reagents
to Produce Acids or Ketones.
RLi + xs CO2. (s)
^ RCO^Li ^ RCO^H
1. RLi added to CO^ (s)
2. RLi sprayed into CO^ (g) atmosphere
HO
2RLi + CO^ (g) > R^CO + 2LiOH
understanding the structure and function of the proposed
new catalyst system. It is useful to consider the synthe-
sis of the catalyst. The material was prepared either by
adding (non-purified) carbon dioxide gas or a small piece
of (non-purified) carbon dioxide solid to an organo-lithium
solution causing immediate precipitation of a white solid
and giving the solution a gelatinous character. The system
was then purged with nitrogen or argon and incremental
amounts of n-butyllithium were added until the color char-
acteristic of the polymeric carbanion reappeared. Both
^3
conditions approximate a situation where carbon dioxide is
bubbled through or over an organo-llthium solution. Under
such conditions Gilman and VanEss (36) have shown that
phenyllithium forms benzophenone via a dilithium salt
mechanism (Figure R I5)
. This proposed dilithium
FIGURE R 15. Formation of Benzophenone via
Carbonation of Phenyl Lithium.
Et^O
PhLi . C0^~-^^ PhCO^Li (s)
PhCO^Li + PhLi --^^^ Ph^CC^j^j
Ph^CCOLi)^ + H^O >Ph2C = 0 + 2LiOH
intermediate was later isolated and characterized by Zook
et_al. (37). The di-salt hydrolyzed readily in air but was
stable under nitrogen. In general, the reaction was best
carried out in ethers, under nitrogen, either by normal or
inverse addition of the reactents (40). Usually addition
of gas to the organo-lithium yielded a white gelatinous
precipitate (RCO^Li) which may still prevail after addition
of the second equivalent of lithium to this salt.
Based on this information, one might conjecture that
the n-buty llithium-carbon dioxide catalyst combination of
Lenz and Adrian consisted initially of a dilithium salt,
Bu„C(01,i ) . Since the carbon dioxide used was not highly
purified, it is probable that residual moisture was present
in the gas or condensed on the carbon dioxide surface.
This water could convert some (perhaps all?) of the
dilithium salt to dibutyl ketone and lithium hydroxide.
Thus the new catalyst may have been a complex mixture of
Bu^CCOLi)^, dibutylketone and lithium hydroxide of varying
ratios depending on the amounts of water present and
dilithium salt initially formed. These materials are quite
polar and may be expected to interact strongly with the
polymerizing center.
IV. Hydrogenation of Polymers
The hydrogenation of polymers has recently been
reviewed in detail (^9,50), and many specific examples of
industrial interest are available in the patent literature.
Thus only a few general remarks on this subject are made
here to hopefully bring this current work into context.
Polymeric materials, especially polydienes, may be
hydrogenated to derived structures which exhibit substan-
tially altered physical properties and generally improved
resistance to oxidative and thermal degradation. In prac-
tice, about 70 to 95% conversion is usually sought. The
residual unr.at uration allows potential sites for further
treatmeritr.
,
such as vulcanization, w?iich may be desired
45
during the final processing steps. Hy drogenatlon of
polymers with branching within the repeating units gen-
erally yields rubbers, while linear polymers give partially
crystalllzable thermoplastic products. Thus, as per cent
hydrogenatlon Increases, 1 , 4-polybutadlene becomes an
increasingly more crystalline thermoplastic with substan-
tially altered tensile strength, elongation, stiffness and
hardness properties (51). Alternately, poly-isoprene upon
complete hydrogenatlon gives a 1:1 alternating copolymer
of ethylene and propylene (52).
Polymers have been hydrogenated generally by one of
three techniques, each having numerous permutations:
(1) hydrogen gas with base metal and supported metal
catalysts, (2) hydrogen gas with noble metal catalysts,
and (3) organo-transltlon metal and organic metal salt
combinations such as cobalt acety lacetonate with tri-
Isobutyl aluminum. The first two involve heterogeneous
reactions, while the latter was shown to be homogeneous.
Each method has numerous positive features and may repre-
sent the most advantageous procedure for specific appli-
cations; however, their collective shortcomings are of
present Interest. The procedures Involve two or more
catalyst components which muLst be compounded at some point
before use. Usually, one or more of these materials are
^6
air and moisture sensitive, and often times pyrophoric.
During reaction the polymeric products physically entrain
difficult-to-remove metallic residues which later
adversely affect the quality of the product. Some of these
systems, though not all, require elevated temperatures and
pressure for reaction. Also, the heterogeneous procedures
have the shortcoming of yielding nonuniformly hydrogenated
products at less than 100^ conversion--i
. e
.
, at partial
conversion some polymer molecules remain essentially
unreacted while others are nearly quantitatively converted
(53). The product composition then resembles a blend
instead of a homogeneous, partially hydrogenated homopoly-
mer. Related to this, catalytic processes may also cause
cls - trans Isomerism of double bonds, and bond migration
(5^). Finally, heterogeneous catalysts in general are
markedly susceptible to poisoning by impurities which may
occur from various sources--parti cularly compounds con-
taining sulfur.
Whatever the particular mechanistic features of these
difficulties are, it appears that one essential factor is
the presence of highly reactive organometallic intermedi-
ates in the system. Thus, a reagent which can successfully
hydrogenate
.
polymer substrates, but which does not require
an organometallic component, may form the basis for a
significant and useful addition to the techniques now used
for polymer hy drogenation . :
V. Hydrogenation with Diimide
The transitory species, diimide, has been extensively
studied and its use as a general hydrogenation agent for
low molecular weight olefins has been demonstrated. This
chemistry has been the subject of recent reviews (55,56);
the essentials of which form the basis for the following
dis cussion
.
Diimide, N^H^, is an azo compound which may be iso-
lated below 120°K but readily decomposes into ammonia,
nitrogen and hydrazine above this temperature (57,58).
When used for synthetic purposes it can be generated in
situ from several convenient precusor compounds (see later
discussion). Structurally, the molecule exists either in
a planar or zig-zag form (57) as shown in Figure R 16.
FIGURE R 16. Molecular Structure of Diimide.
1. Planar H-N = N-H
Zig-zag j^/N = N^^
A salient feature of this compound is its ability to
undergo e xothermi c reacti ons wl th the n on- polar carbon-
carbon and nitrogen-nitrogen double bonds of olefins and
HQ
azo compounds as shown In Figure R 17.
FIGURE R 17. General Reactivity of Diimide.
H H
^2^2 ^ /^"^^"^ -C-C- + AH = -28+5 Kcal/mole (6^)
H H
I I
N^H^ + -C = C- -C = C- +
H H •
I I
N^H^ + -N=N--^-N-N- + AH =
-75 Kcal/mole (64)
The presently accepted mechanism for diimide reduction
is synchronous transport of hydrogen through a cyclic
transition state (59, 60, 6I) as illustrated in Figure R 18
FIGURE R 18. Mechanism for Diimide
Hy drogenation
.
H ^H
,
I \ / / // I
N c r^f N H-C-
II + II -> II ;l III + I
N C N ,C N H-C-
I \ /
H H
This cyclic transition state should and does form on the
least hindered side of the olefin, even if the resulting
product is the least thermodynami cally stable of two
possible products. Thus conversion of oc-pinene leads to
39+% cis plnane, with the methyl group occurring in less
H9
favored position (66). Mechanistic studies exist to sup-
f
V
port this assignment. Reduction of cis and trans olefins
by deutero diimide gives almost exclusively the meso and dl
products respectively (59) (Figure R 19).
FIGURE R 19. Empirical Verification for Cyclic
Transition States in Diimide
Reduction.
Dp R R
meso (97/5) R=CH20H; COOH
dl (9 7/0 R=CH20H; COOH
*from N
II
N
COO k"^
in D^O
^coo~k"^
This behavior tends to exclude the alternate step-wise
mechanism (59, 6I) suggested in Figure R 20.
50
FIGURE R 20. Two-Step Mechanism for
Diimide Reduction.
C=C CH-C
^
>,CH-CH + N=N
H-N=N-H H-N=N
Also, substituted acetylenes are reduced exclusively to cis
olefins (59, 6l, 62) as shown in Figure R 21.
FIGURE R 21. Reduction of Acetylenes to Cis_
Olefins by Diimide.
HpNOSO ® rp^
^ ^
C=C-COOH — ^> (J y- C=C-COOH +
OH® ^==^
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Conductometric studies (5^) have shown that the reaction is
non-ionic, while ^ara substitution in cinnamic acid does
not appreciably affect the hydrogenation rate of the double
bond (see Table R 8, 7-11). This latter observation
demonstrates that electronic interaction between the
aromatic portion and the reaction center is weak, which is
in accord with the weakly polar transition states occurring
in a four-center mechanism (63).
The four-center mechanism provides the basis for
several characteristic and important features of diimide
reduction. Increasing substitution about the multiple bond
should result in steric crowding in the transition state
complex and adversely affect the reaction rate and conver-
sion (see Table R 8: e.g., 1 vs. 2 vs. 5, and 6 vs. 13
or Ih)
.
Experimentally it has been demonstrated that
substituted acetylenes and mono- and di-subs tituted olefins
are reduced in 70-90^ yield, whereas tri-substituted
olefins are reduced in yields of 20-H0% under otherwise
identical conditions (63,6^).
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Related to this, the transition state for cis olefins
should be more crowded than that for. the correspondin
trans olefin:
FIGURE R 22. Transition States for Cis_ and
Trans Olefins in Diimide
Hydrogenation
.
H
I
N R^ ,R
II + >=<
N H H
H
•H.
II H
N
^ III +
N
H
H
N R^ /H
I
+ /C=C,
N H R
H
II
N.
Vi-'R
^R
N
N
H
C'-^R
,--R
H
C
H
Thus, trans double bonds should be hydrogenated more
readily than cis (see Table R 8: 1 vs . 3 and 5 vs. 4,
6 vs. 12) double bonds. Similarly, the trans double bonds
in cis_, trans , trans-1,5, 9- cy clododecatriene (65), a
cyclic internal olefin, are reported to be reduced com-
pletely before the cis linkage is attacked as shown in
Figure R 23. These results are not general, however, since
56
FIGURE R 23. Selective Trans Reduction in
9-Cy clododecatriene with
Diimide. :
10/1 ^^E^/Q,^^Y{
EtOH
2^-^8 hrs.
Oo/CuSO,,
> +
95% 5%
oleic acid ( cis form) is hydrogenated slightly faster than
elaidic acid, its trans isomer {^k) . Apparently, then, not
only is the cls - trans nature of the diene important, but
the adjacent structure and the conformation the molecule
can assume also play a significant role. It may not be
meaningful to generally discuss cis vs. trans hy drogenation
rates when these are determined on the basis of a mixture
of variously substituted alicyclic and cyclic olefins. In
any case, the relative rate of cis vs. trans reduction is
not, as yet, completely resolved.
The weakly polar four-center transition state may,
however, account for the observed inertness to diimide of
various polar double bonds and liable single bonds which
57
are otherwise reduced in catalytic hy drogenation
. These
structures include (6,12): :
-C=0 -CHM
-NO2
-N=C-
-C-S- -0-0- S=0
Arl ArBr R-Br R-SH R_S-S-R R-SCS-R
A more polar, charge separated transition state requiring
a relatively high activation energy for formation, is
required for such polar bonds as indicated in Figure R 24.
FIGURE R 24. Transition State in the Diimlde
Hy drogenation of Polar
r4ultiple Bonds .
,11.. .iK
^
I 1
N. .0
Thus, instead of reduction, the self-disproportionation of
diimide (see later discussion) becomes relatively more
favored and little reaction occurs. Other entities which
are inert to diimide include aromatic nucleii; however,
conjugated dienes such as cy clopentadiene are reduced
(61,64). Concerning bond polarity, it is interesting to
note that o<,^ -unsaturated carbonyl compounds are reduced
with great difficulty, but when the multiple bond is
58
symmetrically flanked on both sides by the same polar
groups, reduction proceeds readily (59,66).
The reactivity of diimlde with azo compounds allows
the reagent to act as both a hydrogen donor and acceptor.
Thus, self-dlsproportionation of diimide is the main side
reaction and principal shortcoming of these reductions as
depicted in Figure R 25.
FIGURE R 25. Disproportionation of Diimide.
H
I N
H-N=N-H + N > +
I
II
2
N \h
I
H
One might conjecture that the seriousness of this side
reaction depends primarily on the relative reactivity of
the unsaturated substrate, and the amount of free diimide
present in solution at any given time. Substrates which
are non-polar and are not sterically encumbered have a
greater probability of reacting with diimide before it
self-disproportionates . Alternatively, if the diimide
precursor and reaction conditions are such that most of the
diimide is generated within a short time span, then the
niiiounl of free diimide potentially present in solution is
maxjmjzod. olnco the disproyjortlonation is a bimolecular
process, it should become relatively more Important under
these circumstances. The quantitative aspects of such a
problem (Table R 9) have been studied for the case of
diimide generated in the thermal decomposition of
benzenesulfonylhydrazide (55, p 376) (see later discus-
sion). This example is of particular importance here
since a closely related compound, R-t oluenes ulfony Ihydra-
zide, was used as the diimide source in the present work.
The effect of the nitro group is to greatly assist in the
decomposition of the hydrazide to diimide, which is in
accord with the electron withdrawing properties of this
substitutent
.
The temperature required for decomposition
is greatly reduced, while the amount of reagent lost
through disproportionation is considerably enhanced. As
indicated by the graph, increasing the substrate to
hydrazide ratio has the anticipated effect of lessening
the relative importance of se If-disproportionat ion
.
In addition to disproportionation, diimide has also
been shown to undergo a base induced decomposition to
nitrogen and hydrogen. This process occurs concurrently
and in competition with the disproportionation reaction
(55, 277). As indicated by the data in Table R 10,
increasing tl-ic amoutit of base used to facilitate diimide
iV;rniatjon cause.'-j the relatJv(,> amount ol' decomposition
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TABLE R 10
DISPROPORTIONATION VS. DECOMPOSITION IN THE
BASE CATALYZED CLEAVAGE OF
£-BENZENESULFONYLHYDRAZIDE
KOH
moles/1
(initially)
% Disproportionation* % Decomposition
2.0
0.51
0.25
0 . 10
0.06
3
33
63
92
99
97
67
37
8
Decomposition
^2^'^2'^ N^ +
Disproportionation n^H^-^ 1/2N2H^ + I/2N2
Analy s is
:
Based on amounts of N^, and N^H^^ formed in
the base catalyzed cleavage of 10 mmole of
benzenesulfonylhydrazide on I65 ml of glycol
monomethy lether at 99°C.
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to nitrogen and hydrogen to increase. Thus, it has been
suggested that this decon.position occurs by way of diimine
anions (Figure R 27a) formed from the action of the base
on free diimide. The alternate possibility of decomposi-
tion occurring directly from the hydrazide anion (Figure
R 27b) could be ruled out since the amount of decomposition
vs. disproportionation of N,N'-bis (methoxy-carbonyl)
anthracene-9,10-bisimine, from which the hydrazide anion
cannot be formed, was proportional to the amount of
potassium hydroxide present (55; p 278) in a similar set
of experiments. In the particular case of
FIGURE R 27. Mechanisms for Diimide Decom-
position
.
}i-N=N-H + B
e
H-N = N
+ BH
a. Diimide Decomposition by
Diimine Anions
.
+ H
HN = N
e
e
+ HB
^ :B® + H
2
RSO^NHNH^ + B:
Decomposition from the
Dydrazide Anion.
e
^ BH + RSO^NNH^ ^RSOe + N2 + H2
sulfony lliy drazides of interest here, this undesirable side
reaction may be completely suppressed either by using
6i|
ethanolamine as the base or by depending upon thermal
decomposition alone (I.e., no base) to generate the
dllmlde
.
There are two final features of dllmlde reduction
which are in sharp contrast to catalytic reduction and may
be advantageous for the application of this method to
polymer systems. First, when the reduction is performed
step-wise no migration or cis/trans isomerization of double
bonds occurs as in some catalytic processes (5^). Sec-
ondly, the presence of sulfur appears not to effect the
reducing ability of dllmlde. In the classic example, allyl
disulfide was reduced to n-propyl disulfide, a reduction
which cannot be performed by catalytic hy drogenatlon (60)
(Figure R 28)
.
FIGURE R 28. Reduction of Allyl Disulfide
with Dllmlde.
N H
CH =CH-CH -S-S-CH^-CH=CH^ ^ ^ > CH,CH,CH„-S-S-CH^CH„CH^
^ p-TSH i d d I d i
The instability of dllmlde at useful temperatures
requires that the reagent be generated in situ
,
normally
by the decomposition of some precursor material. There are
several post; Ibl ] 1 ties , and tlie eventual choice depends
upon th(} par'ticuJar solubility and temperature
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requirements of the system under investigation.
Dllmlde may be generated from hydrazine in aqueous and
alcoholic solutions in the presence of oxygen or suitable
oxidizing reagents (air, potassium periodate, hydrogen
peroxide, etc.) and preferably in the pH range 8.5 to 9.0.
Suitable solvents include methanol, ethanol and higher
alcohols, or the methyl and ethyl celloxolves. Hydrazine
to olefin ratios of at least two are required, and the most
suitable reaction temperature is about 50°C, a temperature
which allows good reaction rates but which avoids extensive
olefin ollgiomerj zntion
.
The acid- cataly zed scheme
Illustrated in Figure R 29 has been proposed (5^).
FIGURE R 29. Generation of Dllmlde from
Hydrazine
.
II H
H
H^ H
N-N^ H
H
€)
H-N=N
/ H
H
0
+ 2H
+ 2e
-}1
H-N=N-H
Dllmlde also results from the thermal decomposition of
potassium azodicarboxyate salts in warm aqueous solution
(67,68) , 8.3 follows
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FIGURE R 30. Generation of Diimide from
Azodicarboxylates
.
.000 ^
N
2 II + 2H^02O > 2N2H2 + 2X^00^ + 200^1
When the diimide is generated in the presence of olefins
such as maleic and fumari c acids, cyclohexene and allyl
alcohol, reduction occurs (55, 6I, 69).
Diimide may be generated at a relatively low tempera-
ture, 0°C (70), by the decomposition of chloroacetylhydra-
zine in aqueous alkali. The decomposition is instantaneous
and complete; in the absence of olefin the diimide and
ketene quickly react to form acety Ihydrazine which is
stable and inert under these conditions.
FIGURE R 31. Generation of Diimide from
Chloracety Ihydrazine
.
01 0 H H
I III I 00
H-C-C-N-N-H-HCl+2NaOH > H20+2NaCl+N2H2+H2C=C=0
H
0
I
II
2N2H2+H2C =C=0 ^N^l + CH^CNHNH^
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For example, using a s tlochlmetric amount of chloroacetyl-
hydrazide to olefin, azobenzene is quantitatively reduced,'
and allyl alcohol is converted in 70^ yield into propanol.
Diimlde has been postulated to form in an indirect
manner by the dimerization of "nitrene," a transient
intermediate thought to occur in the alkaline decomposition
of chloramine and hydroxy lamine-O-sulfoni c acid (62, 71,
72) as shown in Figure R 32. Such reagents were shown to
FIGURE R 32. Generation of Diimide from
Chloramine or Hy droxy lamine-
0-Sulfonic Acid.
0
II 0 9
H-N-O-S-0 Na* » [NH J+H2C+Na2SO^ ; 2 [NH ] -=5^ N^H^
H 0
NH^Cl + NaOH —=> NaCl + H^O + [NH]; 2[NH] —^^2^2
reduce cyclohexene, ethylene, cinnamic and maleic acids in
30 to 50% yield in aqueous or methanolic alkali.
Alternately, using hydroxylamine-O-sulfonic acid
diimlde may be generated by a more indirect route. This
compound may be reacted with cy clohexanone to give an
adduct that dimerizes into 1^ 1-dihy droxy-azocy clohexane at
10°C. This crystalline product, when heated to room
1 1 1 1 (,) ( 1 1. 1 ml cie and cy c 1 ohe xanone
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(76,77) as shown in Figure R 33.
FIGURE R 33. Generation of Dlimide from
1,1-Dihydroxy-azocyclohexane
.
H
S >= 0 H- H2NOSO3H
-^^-^ (E^^o -^-^^-^^^-^
0
V^/^Oh' H0>W ^ " ^2^2
Dilmide can be generated without recourse to acidic
or basic media. One such method is the thermal decomposi-
tion of the diimide anthracene adduct
,
anthracene-9
,
10-diimide (73) illustrated in Figure R 3^.
FIGURE R 3^]. Generation of Diimide from
69
Also, certain aryl and acyl hydrazldes, in particular
benzene-and t oluenesulfony Ihy drazlde (6l,74) may be
thermally decomposed to dilmlde and the corresponding acid
(Figure R 35). Since these reagents were utilized in this
FIGURE R 35. Generation of Diimide from
Arylsulfonylhydrazides
.
SO2NHNH2 SO^H + N2H2
0.,N1IN11.,
0 II
0®
M-H
H
present v;ork, their chemistry is reviewed in more detail.
Decomposition of aryl hydrazldes occurs normally at tem-
peratures around 100°C and higher. However, diimide may be
generated with these reagents at rates suitable for syn-
thesis at temperatures as lov; as 25° by addition of ortho
,
met
a
or para-NO^ groups onto the aromatic ring of the aryl
hydrazide (meta, 75°; para
,
50°; ortho
,
25°) (7, P 273).
Hydrazide to olefin ratios of two are normally used, and
reaction times are from one to four hours at solvent
reflux, under nitrogen. The decomposition may occur with
or without added bases such as hydroxyl ion or organic
70
sec-
ion
amines (e.g., ethanolamine)
. These bases, and more polar
solvents like dlmethy Iformamlde (see below and next
tlon), have the general effect of lowering the actlvat
energy required for diimide generation, presumably by
stabilizing the polarization which occurs in the cyclic
transition state. In turn, this lower activation energy
for decomposition accelerates the rate of diimide forma-
tion. Some relevant kinetic and thermodynamic constants
are available for the thermal decomposition of the
benzenesulfonylhydrazide system (Table R 11; 55); note
especially the AS values consistent with a cyclic
transition state and how these are lowered by added bases
reflecting a more ordered intermediate state.
Initial decomposition of the hydrazide yields the
diimide and a arylsulfinic acid. If basic acceptors
(ethanolamine) are present in solution, reaction
sequences involving the acid terminate here. Otherwise,
a series of complex, intertwined reactions are thought to
occur (55) as given in Figure R 36.
Fortuitously, all the products are either inert gases,
ionic materials, or exhibit good methanol solubility. These
characteristics should be us( ful properties when applying
l-lu^ t'c'iclion to polymorir: substrates. On the other hand,
IFie :;uJ Conic acid initially .1'ormed is potentially capable
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of cationically crosslinking or cyclicizlng a partially
hydrogenated diene polymer. Further, the aryl disulfide
by-product contains a potentially reactive sulfur-sulfur
linkage which could be the source of an undesirable
side-reaction. However, it has been reported that hydro-
genation of various low molecular weight olefins with
sulfonyl hydrazides results in no sulfur containing
by-products (55 , p 278)
.
VI. Use of Diimide with Polymeric Substrates
Only one example involving the use of diimide to
reduce polymeric substrates has been reported (75).
Diimide was evaluated as a reagent to remove the residual
unsaturation in commercial poly (vinyl chloride), caused by
loss of hydrogen chloride, and to retard redevelopment of
unsaturation. Since the reaction was carried out to
regenerate the original polymer structure, minus the small
amount of chlorine lost, there does not appear to be any
reported work which uses diimide to convert fully unsatu-
rated precursor polymers (i.e., diene polymers such as
polybutadiene or polyisoprene) into saturated derived
polymers
.
Reduction of unsaturated poly(vinyl chlorides) was
found to require solvents which boiled above 100°C, and
74
which dissolved both the polymer and the hydrazlde. The
best solvent of those examined was ortho-di chlorob enzene
;
dimethylformamide and hexamethylphosphoramide
, while use-
ful, were found less suitable.
In general the reactions were carried out at 100°C for
four hours. The most favorable ratio of hydrazide to
polymer (mer-basis) was .25. Typically, a sample treated
for six hours in o-dichlorobenzene had
.58 C=C/100 monomer
units initially and had this value reduced to .15/100,
corresponding to a 75^ removal of residual unsaturation
.
The intrinsic viscosities of this sample were evaluated
in cyclohexanone at 30°C before and after reaction. The
values of .692 found bef(<re reaction and .697 found after
treatment illustrates th^.t tae para
-t oluenesulfonylhvdra-
zide method apparently does not cause crosslinking for
degradation in this particular system. Clearly, this is
an important preliminary consideration in using this
material for polymer modification reactions.
EXPERIMENTAL
I. General Techniques
Infrared spectroscopic analyses (Appendix 3) were performed
with the Perkln-Elmer model 257 double-beam recording
spectrophotometer. Liquid samples were run neat, while
polymeric materials were analyzed In carbon disulfide solu-
tion (compensated against pure carbon disulfide) or as
films cast onto sodium chloride plates from various sol-
vents. The region from /|000 cm'^ to 625 cm"! was scanned
at medium scan speed (12 mln per scan) or In a few
Instances at slow scan speed (2^^ mln per scan). All
spectra were run at room temperature, using a 0. 05 mm thick
polystyrene film as a wavelength standard.
Ultraviolet spectroscopy. Ultraviolet spectra were
determined using the Carey 505 U.V. -Visible double-beam
recording Instrument at a 2
. 5 A/sec scan speed. Sample
solution, and reference (solvent) holders were 1 cm path-
length quartz cells (Fisher). The poly cy clohexadlenes were
run In tetrahydrofuran solution and poly cyclohexanes In
cyclohexane solution. The spectra were scanned from 220 mu
to 300 mu.
Nmr spectroscopy
. Nmr spectra were run on the Varlan
A-60 or A-6OA 60 MHz Instruments at 37°C probe tempera-
ture, 0-500 cps sweep width, and 500 sec sweep time. Other
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Important analytical parameters are indicated with
specific spectra. -
Membrane osmometry
. Samples having molecular weights
(number average) over 40,000 had their number average
molecular weights determined with a Hewlett-Packard
membrane osomometer using chloroform or benzene as sol-
vents at 37°C.
Vapor phase osmometry. The number average molecular
weights of samples having molecular weights under 25,000
were determined on the F/M (Hewlett-Packard Co.) model 300
vapor phase osmometer at 50°C in benzene or cyclohexane,
using benzil as the standard.
Differential scanning calorimetry (DSC)
. Melting
ranges and the glass transition behavior of polymer samples
were determined with the Perkin-Elmer DSC-IB machine.
Liquid nitrogen coolant was used to obtain thermograms down
to
-70°C; ice-water coolant was used for thermograms down
to +5°C; no coolent was required for curves starting at
+35°C or higher. Upper temperature limits were generally
less than +300°C. Heating rates are indicated with par-
ticular thermograms in Appendix 6.
Fisher-Johns softening point device (Fisher Scien-
tific Co
.
)
.
The instrument is essentially an optical hot
stage of aluminum designed to accommodate two 18 mm
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circular cover discs, between which a few tenth's milligram
of a powdered sample may be inserted. The stage can be
heated up to +300°C at various rates to observe transi-
tions which are visually apparent (e.g., melting points).
Reproducibility is claimed to be +0.5°C, with an accuracy
of 1-2°C without calibration standards for materials which
exhibit well defined melting points.
Gas chromatography. Gas chromatographic separations
and analysis were performed with the Varian model 1520 auto
preparative gas chromat ograph equipped with a matrix tem-
perature programmer. Gas chromatography curves are col-
lected into Appendix 5.
Two basic sets of instrumental conditions were used,
(a) Analysis and purification of 1,3-CHD: column
,
20 ft X 3/8 inch tetracyanoethy latedpentaerythritol (TCEPE)
on a 50/60 mesh Anaprep support at 90-100°C; injector
,
120-l40°C; Thermal Conductivity detector
,
120-150°C at
150 ma; carrier
,
helium gas at 125 cc/min; sample sizes
,
up to 150 /Ul. (b) Analysis and purification of dimethyl-
cy clohexanols
,
dimethy Icy clohexylacetates , and dimethyl-
cy clohexenes : column , 20 ft x 3/8 inch SE-30 (silicone) on
a ABS support; Injector
,
215°C; Thermal Conductivity
detector
,
237°C at I50 ma; carrier
,
helium at 125 cc/min;
sample sizes
,
up to 100 >ul; column temperatures for
cyclohexanols, 160°C; cy clohexy lacet ates
,
187°C; and
cyclohexenes
, 110°C.
^ Research s ervices (Office of Research Services .
University of Massach usetts). Glassb lowing
. Drawings and
specifications for the major pieces of equipment custom
made at the glass shop and used In this Investigation are
collected Into Appendix 2.
Mlcroanalytlcal analysis
. All the elemental analysis
and molecular-weight determinations were preformed by the
mlcroanalytlcal laboratory which also provided general
assistance and advice on the operation of the gas
chromatograph
.
C. Solvents, reagents, and monomers
. A compilation
of the principal reagents, solvents and chemicals and their
sources has been collected into Appendix 1. Solvents were
used as received unless preceded by the word "purified."
In this latter case, solvents boiling at less than 100°C
were refluxed under a nitrogen blanket and over potassium
metal for 12 to 2^ hours, and distilled under nitrogen.
The center 60 to 75% was retained by distilling directly
into brown bottles which had previously been cleaned,
heated to 120°C, purged with nitrogen and capped. Each
bott]e contained a small amount of molecular sieve
(Jiinde 6A) which had been prfjvlously washed several times
Willi solvent and heated with the bottle during the drying
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procedure. Solvents boiling at greater than 100°C were
prepared similarly, except that sodium metal was used for
the reflux operation. Several additional reagents and two
monomers were also purified after receipt. The purifica-
tion procedures for these latter materials are given here.
Para-toluenesulfonylhydrazide (p-TSH)
. A saturated
solution was prepared using hot (60°C) 95^ ethanol,
vacuum filtered hot, and the filtrate allowed to cool.
White, needle-like crystals readily formed which were
isolated by vacuum filtration (85 to 90/^ recovery) and
dried by treatment in a vacuum oven (1-5 mm) at 40°C for
6-8 hours. The final product was transferred into brown
bottles and stored under nitrogen until use.
Tetramethy lethylenedlamine (TMEDA)
. 50 mis of TMEDA
were refluxed under nitrogen and over calcium hydride,
distilled, and the center 60^ retained in a stoppered
receiver flask, under nitrogen, until use.
2 , 5-Dime thy 1-2 , ^-hexadiene . This monomer was purified
according to the procedure suggested in Macromolecular
Synthesis (78). The liquid monomer (m.p., +lk°C) was
incompletely frozen in a covered beaker by cooling with a
surrounding ice-water bath. The unfrozen core (some
10-20^) was decanted and the remainder remelted. This
process was repeated once more. The final product was
81
distilled and collected under nitrogen (b.p., observed,
+137°C) for Immediate use. ;
liizCHD- (a) Purification. The monomer was supplied
in brown, air tight bottles in greater than 99^ purity by
the Columbia Organics Chemical Cb . For general storage,
the bottle was opened, flushed with prepure nitrogen from
a tank source, and prewashed and dried molecular sieves
(Linde 6A) were added. For this purpose fresh sieves were
washed twice by contact with purified tetrahy drofuran
,
dried 12 hours at 120°C and stored in a clean, closed
container under nitrogen. The sample was recapped and
retained in the refrigerator until use. For final purifi-
cation, a portion of the sample was transferred by syringe
into a rigorously pref lammed, nitrogen filled vacuum bulb
containing a Teflon stir bar and n-butyl lithium initiator
from which the solvent had previously been removed under
vacuum. About 0.25 to 1.0 ml of 1.6 or 2.25 M
n-butyllithium in hexane solution per 5 ml of monomer was
usually sufficient. The solution was stirred until
initiation was apparent (solution turns green to yellow
green)
,
then the monomer was immediately vacuum distilled
into the reaction pot which had been attached to an
adjacent position on the vacuum distillation manifold
(l''igur(.' Appendix 2). l''or the study involving the
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determination of polymerization reaction byproducts,
removal of residual cyclohexene and benzene was accom-
plished by a preparative gas chromatographic technique.
General instrument settings and columns have been noted
previously. The gas chromatograph was operated in auto-
matic injection (200 ul per injection) and collection modes
with collection occurring under helium. Three preparative
runs were performed. Analysis of the products after
separation indicated complete benzene removal (detection
limits, less than 1/10,000) and 80 to 90% removal of
cyclohexene on the basis of peak areas before and after
separation (Appendix 5; GC-1,2). (b) Analysis of the
type and quantity of impurities in 1,3-CHD. The series of
samples given in Table El were injected onto the gas
chromatograph. Absolute and relative retention times
(defined as the time necessary to detect the maximum rate
of elutlon of a component) of known (GC-4) vs. unknown
impurity (GC-1) peaks were compared to verify the identity
of the Impurities present (see Table E2) . To determine the
amount of each material quantitatively, the peak areas of
cyclohexene, 1,3-CHD, and benzene were found by plainimeter
for sample 2 where the mole fraction of each component
present was known. This allowed calculation of relative
response factors. Using these, and the measured areas of
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the peaks in sample 2 (non-purified 1,3-CHD only), the
amount of each material present could be calculated
quantitatively (Table E3)
.
TABLE E3
QUANTITATIVE AMOUNTS OP IMPURITIES IN 1,3-CHD
Areas
Sample Number Cy clohexene
Components
1,3-CHD Benzene
1
2
mole fraction,
sample 1
relative response
factors
mole fraction,
s amp 1 e 2
12 ,006
152
0 .128
0.97
0 .002
72,090
81,772
0.745
1.00
0.993
11,^9 '4
482
0 .127
0.94
0 .005
General Observations
:
1. No peaks were observed after that for benzene for
retention times up to one hour; thus, under these condi-
tions the method was not sensitive to dimers or oxidation
products
.
2. The amount of benzene observed was always greater
than the amount of cyclohexene in all the samples examined.
This inequality might indicate that the resulting cyclo-
hexene continues to undergo further Diels-Adler or oxidation
reactions
.
3. Cyclohexane and 1,4-CHD do not occur as impurities
in thir, system, but the presence of cyclohexene and benzene
har, been vei'il'ied.
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II. Polymers and Polymerization Techniques
Poly-2,5-dlmethyl-2, It-hPv.HW^ 2
, 5-dlmethy 1-
2,^-hexadlene was polymerized at
-70°C In hexane using
boron trlfluorlde gas according to the procedure given In
Macromolecular Synthesis (78). The white powder-like
product polymer was Isolated by vacuum filtration, washed
with acetone, and given a final drying by treatment In a
vacuum oven at 50°C for 6 hours. Elemental analysis:
O^^^rved 86.98% C, 12.7^% H, .17% ash at 1000 C°, nil 0.
Theoretical 87-3% C, 12.7% H. Flsher-Johns melting range :
225-235°C; previously reported melting point (method was
not reported) 260-265°C.
B. Poly cyclohexadlene
. Anionic polymerization of
1, 3-CHD . Anionic polymerizations of 1,3-CHD were con-
ducted In bulk, hexane, benzene, toluene and tetrahydro-
furan at various temperatures with n-buty lllthlum as the
Initiator. A list of these products, the conditions used
for polymerization, and some of the properties of the
products have been collected into Table A, Appendix 7.
Three general experimental techniques were used to syn-
thesize these samples:
1. Vacuum line technique: A high vacuum system
was equipped with greaseless. Teflon stopcocks and
0-rlng type connecting joints. A three-way
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distillation manifold (Appendix 2, Figure 2) was used
Which allowed vacuum bulbs to be Dackflooded with
prepurified nitrogen, removed from the line, and
capped with a rubber septum. Stirring was accom-
plished with Teflon-coated magnetic stir bars, and
temperature control was attained through the use of
cold baths contained in dewar flasks. For poly-
merization, a 250 ml vacuum bulb was attached to the
manifold and both were extensively flamed while open
to vacuum. The distillation manifold was separated
from the main vacuum, allowed to cool, and the
desired amount of solvent distilled in from a solvent-
n-butyllithium solution in an adjacent bulb. The
polymerization bulb was then backflooded with
nitrogen, removed, and a rubber septum quickly put
in place. The desired amount of initiator was
injected under the surface of the solvent using a
syringe and six inch needle. The bulb was replaced
and again evacuated causing a slight loss of solvent.
Monomer was distilled in from a third bulb where it
had been stirred with initiator (1 ml of 1.6 or
2.25M n-butyllithium solution to about 5 mis of
monomer) until color developed.
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2. Serum capped cylinder technique. A 75 ml
glass cylinder (22 x 150 mm) was fused to one side of
a pressure stopcock having a Teflon plug, while a
short length of glass tubing just large enough to
accommodate a serum cap was fused to the other side
(Appendix 2, Figure 2). The apparatus was preheated
to approximately 130°C for several hours in an oven.
After removal it was purged with nitrogen for about
30 minutes during which it was reheated two or three
times with a hand torch. After the final heating
It was allowed to cool to room temperature, and the
Teflon plug and serum cap inserted. Solvent and
monomer were introduced by syringe. The system was
pressure equilibrated with nitrogen at the desired
polymerization temperature and the initiator added.
3. Anionic polymerization with additives.
(a) Addition of tetramethylethy lenediamine
. Several
polymerization reactions in non-polar media were
conducted with tetramethylethy lenediamine as an
additive. The individual conditions for these
syntheses are summarized in Appendix 7j Table A.
Normally, the desired amount of previously purified
IL(|uJ(J (JJ amine war, iriJe(;tod using 250 microliter
syr.i.tige into the vacuum bulb or reaction cylinder
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Just after the Initiator had been added according to
the procedures above. (b) Addition of n-buty llithlum-
carbon dioxide additive. Results of these poly-
merizations are summarized in Table A, Appendix 7.
The additive was generated in situ
. by first injecting
^
ml of 1.6M n-butylllthium solution into a serum
capped reaction cylinder already containing the
desired amount of solvent (30-^10 ml). Next, 150 cc
of Matheson bone dry grade carbon dioxide gas was
injected by syringe into the cylinder and the Teflon
stopcock closed forcing the reactents to remain in
contact. Reaction took place readily with the
evolution of heat and formation of a cloudy, gell
like precipitate (salts from n-butylllthium and
carbon dioxide. After a few minutes of manual
shaking, the stopcock was reopened to relieve excess
pressure. Following this, the monomer and
n-butylllthium initiator were injected in the usual
manner by syringe. Further Initiator was added until
the color change characteristic of carbanlon forma-
tion occurred. This color change indicated the point
at which any residual carbon dioxide or other
Impurities had been destroyed or neutralized by
reaction with n-b uty 1 11 thlum ; initiator concentrations
quoted refer to amounts added beyond this level.
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Zlegler-Natta polymeri 7.pt-.i nn^ i) uslng
trllsobutylalumlnum-vanadlum trichloride Initiator system.
A 250 ml three neck flask was heated to 125°C, purged with
nitrogen while hot, and stoppered. After cooling the flash
was placed In a dry bag under nitrogen, and 0.10^ gm
(6.6 X 10 ^ mole) of vanadium trichloride were weighed In
and a Teflon stir bar added. The flash was fitted with
nitrogen inlet and outlet adapters and a self-sealing
rubber septum cap. 75 nil of purified cyclohexane was
Injected into the flask by syringe and a slow nitrogen
stream allowed to pass through the system. Next, 250 ul of
a solution initially containing 8.5 ml of trilsobutyl-
aluirilnujii in 20 ml of n-hoxane, (theoretically containing
5 X 10 ' mole of active trllsob uiy lalumlnum) was injected
by syringe. The components were allowed to age for 30
minutes with stirring, during which time a finely divided
purple solid formed. Lastly, 2.5 ml (0.025 mole) of
monomer was added and the system allowed to react for one
day with stirring. A small { ^1%) yield of product
results. Softening point 96-102°C. 2) Using triisobutyl-
alumlnum-tl tanlum tetrachloride. A Teflon stir bar and
100 ml of purified n-hexane were Injected into a flamed
arui nitrogen purged 250 ml three nock flask. The flask
wa;; u i fifx^J w i lii gas inlc.^t /ind outlet adapters and a
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self-sealing septu. cap. To this, 0.5 ml (0.00^5 mole) of
titanium tetrachloride and 2.6 ml of 30% v/v triisobutyl-
aluminum in n-hexane (O.OO5 moles active product) were
injected into the flask. A dark brown precipitate formed
which was allowed to age 30 minutes. 5 ml (0.052 mole) of
1,3-CHD was added by syringe. The reaction was allowed
to proceed at room temperature for one day. Yield:
1.2 g, 2Q%. Elemental analysis: Observed 90 .OO^Cj
10.09%H; Theoretical 89.88%C, 10.12^H. Infrared spectrum
IR-22h, Appendix 3.
Alfin polymerization. An Alfin polymerization of
1,3-CHD was conducted according to the procedure outlined
for 1,3 butadiene by Sorenson and Campbell (79). The
organometallic reagents and solvent referred to were pur-
chased in sealed containers from Organometallics
, Incor-
porated, Manchester, New Hampshire. A Teflon stir bar was
placed into a 8 oz soda bottle containing 250 mis of
pentane saturated with 1 , 3-butadiene gas and the bottle
sealed with a rubber septum cap. The bottle was placed in
a dry bag filled with nitrogen and 5 ml of the blue colored
Alfin catalyst suspension and 8.5 ml (7.1^ g; 0.09 mole)
of 1,3-CHD was added. The blue color slowly disappeared
with stirring over a 15 minute period and a small amount
of finely suspended, light grey matter was formed. After
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four hours, the remaining 15 mis of catalyst suspension was
added. Again, the originally opaque, light blue suspension
turned grey within I5 minutes. The system was allowed to
react for a total of eight hours, by which time a viscous
gell formed. The gel was dissolved by stirring 5OO mis of
benzene into the system. The dissolved polymer was
precipitated into 3,000 ml of a three to one by volume
methanol-isopropanol solution. A white, strong rubber-like
material results which was dried in a vacuum oven at 50°C
for eight hours. Crude yield: ^.86g(68^). The material
was purified further by dissolving in purified toluene
{V^% solids by weight), preforming suction filtration to
remove suspended matter, and reprecipitating from methanol.
Residual solvent was removed by vacuum treatment for 12
hours on the high vacuum manifold. Elemental analysis:
Observed 88.62^C, 10.72^H, 0.21^0 and A\% ash;
Theoretical 89.88^C, 10.12^H. Infrared spectrum IR-1,
Appendix 3.
C. Cis-1 , ^-polybutadiene
. A sample of this polymer
provided by the Phillips Petroleum Company had the follow-
ing structure: 93^ cis , 6^ trans , \% vinyl. The number
average molecular weight was 100,000. To purify the
polymer a 2% solution was made up in benzene, filtered with
a sintered glass funnel and repre cipltated from methanol.
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The material was dried In vac uuo for 2^ hours and stored
under nitrogen in capped bottles.
p. Trans-l,^-polybutadlene
. A sample of this polymer
provided by the Phillips Petroleum Company and had the
:3tructure: 92% trans, 6.6% cis, l.H vinyl. The number
average molecular weight was ^2,000. Purification of the
^aniplo was achieved In the same manner as cls-l,il-
polybutadlene
.
—
Styrene-butadlene random copolymer
. A sample of
this copolymer was provided by the General Tire and Rubber
Company had a composition of 18^ by weight styrene
(10 mole^), 82% by weight (90 mole^) butadiene. The
structure of the butadiene component was 71.552 trans, and
?Ji.'j% vinyl. The number average molecular weight was
Mn = 10 8,000 and Mw/Mri (via GPC) was 6.2. To effect
pur-j 1"1 cation a 2% solution warj made up In benzene, fil-
tered, and precipitated I'rorri methanol. Residual solvent
was removed by treatment for 2^ hours In vacuuo at 50°C.
F. Styrene-butadlene-s tyrene black copolymer.
A sample of this copolymer was provided by the Shell Oil
Company and had a composition of 30^ by weight styrene
and 70% by weight butadiene. The structure of the poly-
butadiene component was ^2% trans , ^0^ els , and Q% vinyl.
Molecular weight and block distribution were 1^1,000
Li ty rerio-r)0 ,000 polybutad 1 ene-l'l ,000 styrene;
9^
= 1.10 dl/g (^CH3 at 30OC). Purification as preformed
In the same manner as for the s tyrene-butadlene random
copolymer except that toluene was used In place of benzene.
^ Cls-polylsoprene. A sample of this polymer was
provided by the B. P. Goodrich Company and had a structure
of greater than 99^ els; Mn = 150,000 and Mw = 400,000.
[Ti]lnh was specified to be between 4.0 to 4.5 dl/g.
The residual ash content was 0.25 to 0.50$. Purification
of the polymer was the same as for polybutadlene
.
^ Poly-2 ,3-dlmethyl-l,3-butadlene ("methyl rubber")
.
The polymer was purchased from K and K Labs (lot 79015x)
and no characterization Information was provided. The
crumb-like material was slightly yellowed in color and had
a strong odor of residual monomer; physically entrained
particulate matter (dirt) was apparent in the sample.
Purification was accomplished by treating 10 g of polymer
with 250 ml of boiling cyclohexane in a 500 ml Erlenmeyer
flask. The cyclohexane swelled the polymer and allowed
unreacted monomer, low molecular weight impurities and the
particulate matter to be extracted. This extraction was
facilitated by crushing the latter into small (1 mm) pieces
while heating in the flask. The polymer was isolated by
suction filtration, washed with further cyclohexane and
then pressed to dryness. The damp material was added to
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300 ml of boiling decahydronapthlene (b.p. 190-195°C) which
dissolves the polymer slowly (24 hours). An additional
200 ml of solvent was added (producing a 0.4M solution) and
the material filtered twice through a sintered-glass funnel
to remove residual suspended material. The polymer was
retained as a OM solution in decahydronapthalene by
storing in a silicone rubber capped Erlenmeyer flask under
nitrogen.
I. Polychloroprene (Neoprene)
. A partially cross-
linked black of solid neoprene was provided by Prof. Otto
Vogl, Polymer Science and Engineering, University of Mass-
achusetts. The original polymerization occurred spontaneously
at room temperature. Chloroprene polymers prepared by
emulsion polymerization contain: 70-95^ 1,/^ trans, 5-30^
1,2 f 3,4 f cis 1,4, head-tail addition 75%, tail-tail +
head-head 10-20% each. To purify the polymer 25 g of solid
was swelled by placing the material in 500 ml of chlorobenzene
for 24 hours. The swelled material was broken into smaller
pieces, and the material was refluxed for one week under
nitrogen in chlorobenzene. The resulting solution was
filtered, cooled, and precipitated into methanol to form a
cloudy suspension. This suspension settled after a three-day
period in the refrigerator and the polymer was isolated by
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decanting of the solvent. The material was a sticky, dark
yellow-brown gum, which was treated for 12 hours In vacuuo
at 40°C to remove residual solvents.
III. Termination Mechanism Studies
^ Introduction . Chain terminating reactions in the
anionic polymerization of 1,3-CHD should create either
characteristic polymer endgroups or low molecular weight
reaction byproducts. The purpose of the work described in
this section was to utilize ultraviolet and nmr spectro-
scopy, and gas chromatographic techniques in an attempt to
detect these functional groups or byproducts of poly-
merization.
B. Ultraviolet analysis of polymers
. Ultraviolet
spectra were obtained in tetrahy drofuran solution between
225 and 300 mu for a series of seven poly cy clohexadienes
produced under a variety of synthetic conditions. Instru-
mental conditions have already been noted. Samples were
prepared by repre cipitation three times from Spectrograde
te trahydrofuran and methanol, and dried 12 hours in vacuuo
(1-5 mm) at 50°C. Number average molecular weights were
determined by vapor phaseomometry for five of the samples.
The results of this ultraviolet spectroscopic analysis are
summarized in Table E4 .
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^^^nr xnve sti^ation. 1.2 ml of 1,3-CHD was intro-
duced into each of two nmr tubes which had previously been
Cleaned and heated to 125° and then purged with prepure
nitrogen. One tube was pressure capped and retained as a
blank, while 0.2 ml of 2.25M n-butyllithium-hexane
solution was added by 2^0 ml microliter syringe to the
second. The tube was capped and the contents mixed. The
reaction mixture had the following initial calculated
composition (mole fraction basis): 0.868 1,3-CHD,
0.089 n-hexane, 0.03^ n-butyllithium, 0.009 benzene.
Aromatic protons were observed at 7.15 ppm, olefinic pro-
tons at 5.67 ppm and various aliphatic protons at
0.75-2.1 ppm. The peaks were sufficiently separated to
allow integration of the number of benzene protons per
1000 protons of all types in the system. The results
are given in Table E5. Analysis of a blank sample before
and after the reaction indicated 1.02 mole per cent
benzene before the 1.03 mole per cent benzene after
reaction. Integration showed 98 olefin protons per 100
aliphatic protons (theoretical: 100/100) in the untreated
1,3-CHD.
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TABLE E5
FORMATION OF BENZENE DURING 1 3-CHDPOLYMERIZATION WITH n-BUTYLLITHIUM
Time (hr) No. benzene H's per
1000 other protons
No. olefin H's
per 100 aliphatic H
0.00
0.75
3.-00
24.00
6.0
8.6
8.4
21.0
70
61
55
28
99
D. Nmr spectra of polv cv oj^^h^^^^^^^^^ Previous
workers have indicated that poly cy clohexadienes synthe-
sized by anionic polymerization contain less than the
theoretical number of olefin protons on the basis of their
nmr spectra (nmr-1,8, Appendix 4). The 60 MHz nmr spectra
of a series of poly cy clohexadlenes synthesized under
various conditions were determined in 10-20^ w/v solutions
in CS^ at 37°C using tetramethy Isllane as the reference
(nmr-1, Appendix 4). The relative number of olefin-to-
aliphatlc protons were determined from peak area ratios
using a planlmeter. Prom this ratio the per cent of the
theoretical number of olefin H's actually present was
determined (Table E6)
.
E. Gas chromatography and byproduct formation
experiment
. The apparatus depicted In Figure 3,
Appendix 2, was attached to the vacuum manifold (Figure 1,
Appendix 2), evacuated and extensively flamed three times.
After cooling to room temperature the apparatus was flooded
with nitrogen and 1 ml of 2.25M n-buty llithium in hexane
solution was added by syringe to compartment A, and 0 . 1 ml
to each of the six compartments labeled E. The apparatus
was reevacuated, and the six constrictions near E were
fused shut. Pumping was continued for two to three hours
to j-'(Mii()vo hi^xane tio.Ivent. The apparatus was reflooded with
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nitrogen, and 8 mis of monomer, from which the benzene and
cyclohexene content had Just been removed by preparative
gas chromatography, were added by syringe at side arm B.
The monomer was immediately frozen with liquid nitrogen,
the apparatus reevacuated, and the constriction at B fused
shut. The monomer solution was allowed to warm to room
temperature and stirred until initiation was apparent, then
1 ml of monomer was vacuum distilled into a side arm, which
was removed by sealing and burning off at C. This proce-
dure was repeated for each side arm. The portion of side
arm containing the monomer and initiator were placed in a
Dewar flask containing an ice and water bath. At the
desired times, (Table E7) the arms were reversed and the
remaining low molecular weight materials were distilled
over to the collection side. The U-shaped side arm was
then fused shut, separated at the mid-point, and each half
was saved for further analysis. The polymeric residues
were precipitated from methanol and weighed to determine
the amount of insoluble polymer formed as a function of
time (Table E7). The composition of the liquid volitals
were examined by gas chromatography in the manner previ-
ously described and this analysis is presented in the
Discussion section 1-C.
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TABLE E7
AMOUNT OF METHANOL INSOLUBLE POLYMER FORMED
AS A FUNCTION OF TIME IN THE REACTION
BYPRODUCT FORMATION EXPERIMENT
Sample
1
2
3
4
5
Time Reacted (hr)
8-3/4
23-1/2
27
44-1/2
mg Methanol Insoluable
Polymer
nil
nil
6 . 2 mg
2 4.9 mg
61.5 mg
IV. Stereochemistry of Poly cy clohexadienes
A. Introduction
. The infrared spectra of polycyclo-
hexadienes, and the nmr spectra of poly cyclohexanes which
may be derived from these by hydrogenation , were observed
to exhibit consistent, characteristic features depending
upon the conditions of synthesis. Such behavior suggested
an observable connection among reaction conditions, polymer
structure and reaction mechanism. To a first approximation
the microstructure of these polymers may be simulated by
the appropriate dimethy Icy clohexenes and dimethy Icy clo-
hexanes . Thus, the infrared and nmr spectra of model com-
pounds, whose structures are known, can be used as tools
10 3
nmr
for Interpreting the more complex polymer infrared and
spectra. Thus, there were two primary purposes in this
series of experiments: to synthesize, separate and iden-
tify several model compounds otherwise not available, and
then to assemble a collection of the infrared and nmr
spectra of a range of appropriate model compounds.
^ Synthesis, separation and identification of model
compounds. 1. 3 , 4-dimethy Icy clohexy 1 acetate. 52.5 g
(O.h mole) of 3,4-dimethylcyclohexanol (molecular weight
128; 9^\% pure by GC-3, Appendix 5) was added dropwise to
00 ml (0.8 molo) of acetic anhydride in a 250 ml three-neck
flask to which 3-5 drops of concentrated sulfuric acid had
been added as a catalyst. The solution was refluxed for
12 hours and the contents were initially separated by
simple distillation. Distillate coming off at less than
200°C (pot temperature) was discarded. The fraction
between 200°C and 225°C was retained giving 66.3 g (95. ^]%
conversion) of 3 , ^-dimethy Icy clohexyl acetate (molecular
weight 170, bp 210°C). This product was a clear, colorless
liquid having the characteristic ester odor. Gas
chromatographic analysis (GC Appendix 5) indicated this
product contained 90% of mixed 3 , 4-dimethylcyclohexy
1
acetate isomers. Structurally definitive infra red bands:
(a) ( 3 , ^'t-dimethy Icy clohexanol ; lR-3, Appendix 3):
10^1
-1
3330 cm- (H-bonded OH stretch); (b) 3 , ^-dlmethy Icy clo-
hexyl acetate (IR-^, Appendix 3): over 30OO cm"!, none;
17^5 cm-\ strong (ester C = 0) ; 125O cm"! (ester
asymmetric C
- 0 stretch). 2. 3,^ and 4,5-dimethylcyclo-
hexenes. The apparatus and procedure for ester pyrolysis
is described in Appendix 2, Figure h. The assembly
equlbrated at approximately lJOO°C and l]6
. 4 g (0.027 mole)
of 3,^1-dimethylcyclohexyl acetate was pyrolysed at
380-llOOOC with a drop rate of 1-2 ml/5 min. The product
was washed with 100 mis of 25% aqueous sodium bicarbonate
solution until carbon dioxide evolution stopped. The
layers were separated and the organic portion was rewashed
with 100 mis of distilled water and reisolated and dried
over anhydrous magnesium sulfate. This material was dis-
tilled under nitrogen and the fraction between 175^C and
210°C (pot temperature), consisting of 9^% olefin content
(GC-5, Appendix 5), was retained. Yield: 5.05 g (1^^) of
a clear, volital liquid. Principal infrared bands
exhibited by mixed olefin fraction (lR-5, Appendix 3):
3010 cm"^ (olefinic C-H stretch); I65O cm"^ (C = C stretch);
1367 cm"^; 12k^ cm"^ (residual ester C - 0) ; 675-8OO cm"^
multiple bands (C-H out-of-plane deformations for cis_
dlsubstituted olefins). The mixture contained approxi-
mately equal amounts of at least two principal olefin
105
isomers, which were partially separable by preparative gas
Chromatography (GC-5, Appendix 5; Table E9 ) . Reanalysis
after GC fractionation (GC-6, Appendix 5) indicated that
fraction 3 (4,5 dimethylcy clohexene) contained about
18.5 mole % fraction 2 ( 3 , 4-dimethylcy clohexene) and frac-
tion 2 contained about 9 mole % of fraction 3 as principal
impurities, respectively.
Nmr spectra (30-35^ v/v in carbon disulfide at
37"C): (a) fraction 3 (3,4 dimethylcy clohexene
; NMR-2,
Appendix 4) 0.9-1.0 ppm unresolved multiplet (CH^);
1.2-2.2 ppm unresolved multiplets (- CH and
-CH^-);
5.43-5.55 ppm unresolved multiplets (olefin C-H)
. Rela-
tive areas: Aliphatic : olefini c = 73:12 = 6:1. (b) frac-
tion 4 ( 4 ,5-dimethylcyclohexene; NMR-3, Appendix 4).
0.85 ppm, doublet (CH^); symmetrical multiplet centered at
1.51 ppm (-CH); symmetrical multiplet centered at 1.8? ppm
(-CH^-); unresolved singlet 5.52 ppm (olefinic C-H).
Relative areas: methyl: methine + methylene: olefin =
34/33.5/11 = 3/3/1. Infrared spectra : (a) fraction 3
(3,4-dimethylcyclohexene (IR-6, Appendix 3), 3015 cm"^
(olefinic C-H str ); I66O cm"^ (C = C stretch); 783 cm""^,
750 cm ^, (C-H out-of-plane deformation for cis disubsti-
tuted olefin). (b) fraction 4 (4,5 dimethylcy clohexene
,
IR-7, Appendix 3) 3015 (olefinic C-H stretch);
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1660 (C = c stretch; cm'^ 758 cm-\ 712 cm-\ (c - h
out-of-plane deformation for els dlsubs tltuted olefins).
molecular wel^ht
_com^oi^. The infrared spectra of a
series of low molecular weight compounds, structurally
related to poly cy clohexene or Important In Its synthesis,
were collected by the procedures indicated in the accom-
panying table. The spectra determined at our laboratory
were run on the neat liquids vs. air reference at medium
scan speed. Styrene film (0.05 mm) was used as a wave-
length standard based specifically upon the styrene peaks
observed at 3027-1, l601.^l, 698.7 cm'^ (Table ElO).
—
spect ra of model compounds
. l ml samples of
cis_-l
,
2-dlmethy Icy clohexane and trans -1
,
2-
dimethylcyclohexane of 99-9 (mole) % purity were purchased
from the Chemical Samples Company. A series of samples,
varying in cis- trans ratio, were made up volumetrically
with a 250 ul syringe and 60 MHz nmr spectra were obtained
on each as indicated in Table Ell. For reference, the
known 60 MHz API spectra of these pure compounds, and their
related els and trans 1, ^-dimethyl Isomers have been
included In the table and the nmr spectra collection in
Appendix ^1
,
NMH ^1-7.
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E. Infrared spec tra of poly cv clohexadieneR Rvnth.-
sized under various reaction r^ ondltions
. The Infrared
spectra of a series of poly cy clohexadlene samples were
obtained on either polymer films cast from \-2% carbon
disulfide solution, or 3-^ sample solutions in carbon
disulfide vs. carbon disulfide reference. The cells were
0.2 mm path length; the other instrumental conditions have
been noted previously. The 650 cm"^ to 8OO cm"^ region of
the spectra, containing the C-H out-of-plane deformations
for cls_ disubstituted olefins, were of principal interest
in this set of experiments
.
With the exception of the 65O to 8OO cm""^ regions,
the infrared spectra of poly cy clohexadienes are largely
Invariant under a range of reaction conditions. Thus,
the intent was to investigate the possible utility of
defining mi cros tructural arrangements in terms of char-
acteristic variances observed in this region. The spectra
are reproduced in the Discussion, section II-B.
F. Conversion of poly cy clohexadienes to polycyclo-
hexane for Nmr evaluation . Introduction and purpose
.
Poly cy clohexane was prepared from poly cyclohexadiene by
hydrogenation of the precursor with diimide, which is a
general reagent for this purpose used extensively for low
molecular weight olefins. The procedure described below
115
TABLE E12
POLYCYCLOHEXADIENE SAMPLES ANALYZED BY
INFRARED SPECTROSCOPY
Polymerization
Solvent and
Sample No.
Temp
.
(°C) Film Sol'n
Cone
.
mg/lOml
Te trahydrofuran
P- 26- 1
P- 76- 1
P-100- 1
P-102- 1
P-100- 2
P-102- 2
P- 50- 1
P-102- 3
P-100- 3
-78
-78
-78
-78
0
0
room
temp
.
25
30
X
X X
X
X
X
X
X
X
418.5
306.3
321.7
314.4
304.3
620 .0
317.4
314.4
Bulk
P- 69- 8
P-119- 2
room
temp
.
room
temp
Toluene
P- 69- 1
P-100- 5
78
0
X
X
366
312.1
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TABLE E12— Continued
Polymerization
Solvent and
Sample No.
P-111- 1
P-102- 7
P-100- 6
Temp
(°C)
0
25
30
Film Sol'n
X
X
Cone
.
mg/lOml
329
371
n-Hexane
:
Tetrahydrofuran
98:2
P-128- 1 -78 X
Tetrahydrofuran
n-Buty llithium-
Carbon_^i£xlde_
P-100- 9
P-100-10
P-102- 8
-78
-78
-78
X
x
X
31^.0
326.2
327.3
n-Hexane or
Cy clohexane-
TMEDA
P-119- 1 (n-hexane)
P-100-13 (n-hexane)
P-102- 6
-78
-78
0
X
X X 402
317.6
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TABLE E12— Continued
Polymerization
Solvent and .
Sample No.
Temp
.
(°C) Film Sol'n Cone
.
mg/lOml
Ziegler-Natta
in Hexane
P-10^- 6
VCl^ with
Al(isoBu)^
room
temp
P-129- 1
TiCl^ with
room
temp
.
Al(isoBu)
Alfln catalyst
(pentane)
P-13^- 1 room x
temp
represents a modification which allows use of the reagent
with polymeric substrates. The development of this
modification is described in detail elsewhere (see Discus-
sion Section III). Quantitative hy drogenation to poly-
cyclohexane generates a species whose nmr spectrum
exhibits characteristic resonances depending upon the
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conditions of synthesis of the original poly cy clohexadiene
.
Model compounds suggest these features may be due specif-
ically to the amount of cls_ vs. trans placement of rings
in the polymer chain. The purpose here, then, was to
evaluate the possibility of determining the amount of
cis - trans ring placement in poly cy clohexadienes as a
function of synthetic conditions by studying the nmr
spectra of poly cy clohexanes derived from poly cy clohexa-
diene precursors.
Hydrogenation of poly cy clohexadiene with p-toluene-
sulfony Ihydrazide ; general procedure . Approximately 1 g
of poly cy clohexadiene (0.0125 mole) was dissolved in
75 inl of xylene in a 500 ml one-neck flask that previously
had been swept with nitrogen. To this solution was added
approximately 4.65 g (0.025 mole) of purified
2_-toluenesulfony Ihydrazide which is only slightly soluble
at room temperature in aromatic media. A Teflon stirring bar
and condenser at its reflux position were put in place and
the contents were heated slowly with stirring to reflux
(lilO°C). At 75-80°C the originally two phase system turns
turbid and then forms a homogeneous, yellow-orange
solution. Reflux was continued for 4-5 hours. During this
time a white granular precipitate formed which was removed
by vacuum filtration directly after reflux and before
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further workup. This material was water soluble and
strongly acidic, which are properties characteristic of
2.-toluenesulfonic acid, the principal anticipated reaction
byproduct. The filtrate was allowed to cool in a refrig-
erator to 5-10°C and the polymer isolated by precipitation
from methanol and suction filtration. The product polymer,
poly cy clohexane , was obtained as a light tan, finely tex-
tured powder. This powder was further purified by repre-
cipitation from cyclohexane and methanol, followed by
drying in vacuuo at 50°C for 6-12 hours at 1-5 mm. In this
manner the series of poly cy clohexanes given in Table C,
Appendix 7 were synthesized for eventual nmr analysis.
Characteri zation . Samples were submitted for
elemental (C,H) analysis (Table B,D; Appendix 7) and their
infrared spectra (1R-7D, Appendix 3) and Fisher-John's
softening points were obtained (Table B,C; Appendix 7)
•
The elemental analysis were used to calculate per cent
conversion by the procedures indicated in the appendix.
Nmr spectra were run on 7-5 to 20^ w/v solutions in carbon
disulfide at 37°C, and are described in the Discussion
Section II-C .
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V. Hydrogenation of Polymeric Substrates
with Diimide
A. Introduction and purpose
. The diimide hydro-
genation technique described above for poly chclohexadiene
has been extended to a wide range of polymeric substrates.
The impirical characteristics and development of this
extension are reported here.
B. Hydrogenation of cyclohexene, a model for
poly cy clohexadiene . 2 mis (1.62 g, 20 mmoles) of cyclo-
hexene and 7-^^ g (^0 mmoles) of 2.-toluenesulfony 1-
hydrazide were dissolved in 100 ml of ethylene glycol
monomethyl ether and the materials placed in a 250 ml
one-neck flask. A Teflon stir bar and a condenser at its
reflux position were put in place and the system swept with
nitrogen. The contents were reacted at reflux (260°C) for
two hours. The solution was cooled to room temperature,
and the white solid (sulfinic acid) which formed during the
reaction was removed by suction filtration. The product
was isolated from the remaining liquid by simple distilla-
tion under nitrogen; distillate up to 90°C (pot tempera-
ture) was collected and retained for analysis by infrared
spectroscopy (IR-15, Appendix 3) and gas chromatography
(GC-7, Appendix 5). IR-15 was compared to the known
spectra of pure cyclohexene (IR-9) and cyclohexane
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(IR-8) indicating the distillate consisted of a mixture
of these two materials. Gas chromatographic analysis
(GC-7) indicated 77^ reduction.
C. Hydrogenation of poly cy clohexadiene
. In this
series of experiments the reaction was conducted in a range
or aromatic solvents at reflux which had the effect of
changing the reaction temperature. A procedure for the
hydrogenation of poly cy clohexadiene with ^-toluene-
sulfony Ihydrazide in xylene has already been described.
With one exception this general procedure remained the
same; in the case of mesitylene, the product did not
precipitate well from methanol and it was necessary to
vacuum distill the solvent to isolate the product.
Infrared spectra in carbon disulfide solution and elemen-
tal analysis were used to establish the per cent conver-
sion. The calculation procedures and data are compiled in
Appendix 7, Tables B-D, and the final results are given
below along with a summary of the samples run and the prin-
cipal reaction parameters (Table E-13) • A polycyclo-
hexadiene sample (P-50-1) was characterized before and
after its conversion to poly cy clohexane (P-54-1) by the
procedures indicated below.
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1. Elemental analysis
P-50-1 observed 89.^7^C 10.33%H 0.2/. other
calculated 89.88^C 10.12^H
P-5^-1 observed Q7.15%C 11.98^H 0.48^ 0 nil ash
calculated 87.69^C 12.315SH nil S
Hydrogen Increase per 100 g C + H: l.jH
Theoretical: 2.19
0.39 other
2. Infrared spectra
. These were performed in carbon
disulfide solution vs. carbon disulfide reference with
0 . 2 mm cells
.
P-50-1
P-54-1
3.13g/l (.039M)
3.07g/l ( .038M)
IR-17, Appendix 3
IR-18, Appendix 3
Analytical Bands
(P-50-1)
3015 cm
2920 cm
2850 cm
1680 cm
-1
-1
-1
-1
-1
1650 cm
1460 (observed
in films only)
765 cm
-1
720 cm
-1
Effect of HydrO'
genation
(P-54-I)
completely lost
increases
increases
lost
lost
increases
lost
lost
Assignment
olefin C-H str
C-H asym. str.
C-H sym. str.
C=C str.
C=C str.
CH2 deformation
C-H out-of-
plane
deformation;
cis olefin
C-H out-of-
plane
deformation;
cis olefin
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1: Nmr spectra . Determined on carbon disulfide
solutions at 37°C and 60 MHz.
Samples
P-50-1
(NMR-1)
Appendix 4
P-54-1
(NMR -8)
Appendix 4
Resonances
1.5 ppm (partially
2.0 ppm overlapped)
5.64 ppm
0.75 to 2 ppm ( one
broad peak)
5.67 ppm
7-8 ppm
Assignment
aliphatic H
aliphatic H
olefin H
various aliphatic
protons
completely gone
none
4. Ultraviolet spectra .
Polymer Concentration and Solvent
152.5 mg/50 ml tetrahydrofuran (O.O38 M)
1^42.4 mg/50 ml (0 .035 M)
Adsorbance vs . wave length (ryf^)
= 2100 2200 2300 2400 2500 2600 2700 2800
2 0.145 0.09 0.09 0.07 0.04 0.03
2 1.115* 0.46 0.385 0.32 0.28 0.18
*Part of a shoulder centered at 225 m
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5. Mole cular weight before and after hydrogenatlon
P-50-1 P-102-8
before-observed
after-observed
after-calculated
3160
3790
3240
6500
9400^
6660^
Sample was completely soluble in carbon disulfide
and cyclohexane during workup but portions precipitated out
in toluene, the solvent available for molecular weight
determination. The sample concentrations were redeter-
mined by dry weight after solvent was removed.
Calculated from starting material for no change in
degree of polymerization.
6. Solubility behavior of polymer before and after
hydrogenation .
Solvent
cyclohexane
benzene
toluene
xylene
mesitylene
tetrahydrofuran
o-dichlorobenzene
carbon disulfide
alcohols and ketones
IN
no
yes
yes
yes
yes
yes
yes
yes
no
P
yes
hot (60°C)
;
with difficulty
yes, hot
yes, hot
yes, hot
no
yes
yes
no
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7. Thermal measurements
.
DSC scan rate 20°/min; range +40°C to +250°C.
Sample Sizes: P-50-1 I3.I mg DSC-l-Appendix 6
P-54-1 12.8 mg DSC-l-Appendix 6
Results
Peak
DSC (°C)
87.5
187.0
Tg = 95
Softening
Range. °C
101-10 6
192-195
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TABLE El
3
PER CENT HYDROGENATION OF POLYCYCLOHEXADIENES
BY e_-TOLUENESULFONYLHYDRAZIDE
Sample
No. Solvent
Reflux
Temp
.
(°C)
Volume
mis
Mn loo
Polvmer* w V ^^^^ "
P-39-1 50/50
toluene-
ethylene glycol
monomethy lethu^
110vk «k \J 100 P-26-1
10
P-62-1 toluene 110 75 P-50-1
12 .
6
P-70-1 0-xylene 1^0 75 P-50-1
13.8
P-79-1 0- xylene 1^12 75 r-7o-l
11.0
P-52-1 meslty lene 160 50 P-26-1,
2
6.4
P-5^-1 meslty lene 160 125 21.8
a
olefin
May be artifically low due to
content in precursor polymer.
less than theoretical
b Obtained on Fisher-•Johns apparatus .
Two phase system.
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TABLE EI3— Continued
Reactants
P-TSH
Reaction
Time
(hrs)
% Conversion
IR Elemental
Analysis^-
Polymer
Softening
Range (°C)b
20 48 40
27 78
30 .2 97 89 197-205
24.1 100 2 30-240
18.7 95 98 214-220
43.5 95 91 192- 95
128
Hydrogenatlon with P-toluenesulfonylhydrazlde
:
effect of altering the polymeric substrate . Introduction
and summary of results
. In this Investigation a variety
of polymeric substrates were hydrogenated In order to
observe the effect of different molecular groupings about
the residual double bond of the polymer on the utility of
the reaction. The general procedure Involved mixing
2_-toluenesulfonylhydrazlde and the polymer substrate in the
desired solvent, flushing the system with nitrogen, and
then refluxlng for the specified time, usually three to six
hours. The systems become homogeneous around temperatures
of 70-80°C. Table El4 summarizes the substrates and the
composition of the reaction systems used. The workups,
purification and characterizations for each sample varied
somewhat and these are described separately in the next
general sections.
Trans-1 , 4-polybutadiene . The samples were Isolated
initially by direct precipitation from methanol, after
cooling and stirring with 50 mis of a 10% w/v solution of
sodium bicarbonate to remove the £_-toluene sulfinlc acid
byproduct. The precipitated polymers were collected by
suction filtration and further purified as follows:
P-46-1 was dissolved in carbon disulfide (Fisher certified
grade) and reprecipitated from methanol twice. P-47-1 was
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TABLE Em
POLYMERIC SUBSTRATES REDUCED WITH DIIMIDE
Starting
Material
Hydrog
Prod. Polymer, g
trans -1 , 4-polybutadiene
(PBD-Ht-1)
styrene-butadiene-styrene
block copolymer
(SBS-B-1)
Poly eye lohexadiene
Cis -1 , 4-polylsoprene
Tpi-1)
Methyl rubber
(P-121-1)
Poly-2 ,5-dimethy
1
2 , M-hexadiene
(P-123-1)
P- 46-1
P- 47-1
P- 72-2
SBS-B-2
SBS-B-3
P- 70-1
PI-2
PI-3
P-121-2
P-123-2
P-123-3
1
1
2
1.12
1
75 mis.
.4M/DCH
1.00
1.00
P-123-^ 1.00
Poly-
2-chlorobutadiene
(P-126-1)
P-126-2 0 .50
2_TSH = p_-toluenesulfony Ihydrazide
DCH = decohydronapthalene
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TABLE El4~Continued
Olefin ^^^^^
Content Solvent Reaction
Moles
^ ,
^1 Time, hr
g Moles
0.018
U • U -L U
6.7 0 .036 diphenyl
ether
75 3-1/2
0.018 6.9 0.037 xylene 75 4-1/2
U • U £- u Q 7 0 D R Pw • u y ^ y\T 1 0 0AJ J_ t; X
1
1 /P
k
0 .014 5.6 0 ,030 xylene 75 5
0 .015 5.6 0.03 xylene 100 3
4
12
0 .030 11.2 0 .06 DCH^/
xylene
75
125
0 .009 3.53 0.018
DCH/
xylene
25
50 4
0 .009 3.53 0.018 DCH/
xylene
25
50 4
0 .009 3.50 0.018 DCH/
xylene
25
50
4
0 .0058 2 .20 0.0116 xylene 40 4
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dissolved in mesitylene and reprecipitated from methanol.
Residual solvent was removed by vacuum treatment for four
to six hours at 40°C. This sample (P-ijy-i) was observed to
be insoluble in carbon disulfide. P-72-2 was treated the
same as P-^7-1 except xylene was used as the solvent;
this sample was also insoluble in carbon disulfide.
1. Elemental analysis.
Hydrogenated polybutadienes
P-A6-1
P-72-2
Calculated for
polyethylene
86.l4fo C
84.13^ C
85.7 % C
( trans_-l
,
4-polybutadiene
)
P-72-1 88.03^ C
9
.
38% H 4.48^ other
12.99fo H 2.88^ other
14.3 % H
10 .96^ H 0
.
38^ 0 0.5^ ash
Calculated
for poly-
butadiene 88.89^ C 11.10^ H
2. Infrared spectra were obtained on carbon disulfide
solutions or films as follows:
trans -1 , 4-
polybutadiene
P-46-1
P-47-1
P-72-2
2.89 g/1 in carbon
disulfide vs. carbon
disulfide
w/0 . 2 mm cell
4.0 g/1 in carbon disulfide
vs. carbon disulfide
w/0 .2 mm cell
film cast from mesitylene
film cast from xylene
IR-31-A
IR-19a
IR-19b
IR-19C
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Analytical
Bands
Trans -1,4-
Polybutadlene
3020 cm
-1
29 80 cm
2915 cm
-1
-1
2 840 cm
-1
1660 cm
1420 cm
-1
-1
965 cm
(strong)
-1
910 cm
720 and,
730 cm"-^
Effect of
Hydrogenation
(P-47-1 and P-72-2)
lost completely
lost completely
increases and shifts
to 2925
increases and shifts
to 2850
lost completely
increases and shifts,
to 1465 and 1472 cm
lost completely
lost completely
new band in products
Assignment
olefinic C-H
stretch
C-H stretch
C-H asymmetric
s tret ch
C-H symmetric
stretch
C = C stretch
C-H^ bending
trans C-H out
of plane
deformation
same; vinyl
contribution
C-H rock
3. Calculation of per cent of hydrogenation.
Infrared spectra of P-47-1 and P-72-2 films indicated com-
plete loss of bands attributable to olefinic content. On
this basis, reduction was close to quantitative. The per
cent residual unsaturation for polymer 72-2 may also be
calculated from the observed elemental analysis by the
relationship foU = 2fc - fh/0 . 2 (see Appendix 7, Table D for
derivation) , where f c and fh are the mole per cent of
carbon and hydrogen in the hydrogenated sample. For
P-72-2 this ^ves fc = O.35I; fh = 0.649 ; and f»U = 26.5;
thus, % conversion = 73- 5/"-
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4. Thermal analysis by DSC at scan rates of 20°/min
and 10°/mln over the range 30°C to 150°C. Samples:
P-72-2, 10 . 4 mg (DSC-2)
.
Sample Tm, °C Ref
. Softening Point, °C
P-47-1
. . 106-110
P-72-2 20°/min. 121.5 DSC-2 108-111
10°/min. 118.5 DSC-2
trans - 1,4-
polybutadiene . . 84- 88
Hy drogenation of styrene-butadiene-styrene (SBS) block
copolymer with p-toluenesulfonylhydrazide . 2 g of SBS
block copolymer (SBS-B-1, 0.026 mole olefin content) was
combined with 9-7 g (0.052 mole) of 2_-toluenesulfonyl-
hydrazide in 150 ml of xylene and, with the exception of a
small aliquot (SBS-B-2) removed after 30 min, was allowed
to reflux for four hours under nitrogen. The solution was
cooled, filtered, and the product (SBS-B-3) precipitated
from methanol. SBS-B-2 was reprecipitated from purified
benzene into methanol and SBS-B-3 from xylene into
methanol. Both were dried in vacuuo at 50° C for twelve
hours
.
13^
Characterization
1. Elemental analysis* -
SBS-B-1 observed 89.04^ C 9.66/, H 1.32^ 0 nil, ash
calculated 89.92/0 C 10 .0Q% H
SBS-B-2 observed 86. 71/ C 11.84/ H 1.45/ other
SBS-B-3 observed 86.44/ C 11.97/ H 1.60/ other
( 100/
reduction) calculated 87-64/ C 12.36/ H
^assumes 70/ by weight butadiene units
30/ by weight styrene units
2. Infrared spectra.
Sample
SBS-1
styrene (only)
SBS-2
SBS-3
Analytical
Bands 3-
(SBS-1)
1640 cm
-1
1654 cm
965 cm
-1
-1
910 cm
Notes
:
-1
Films Cast From Solvent
cy clohexane
0.05 mm IR ref Film
toluene
toluene
Effect of
Hy drogenation
(SBS-3)
completely lost
completely lost
completely lost
considerable reduction
Infrared Ref
20a
21
20b
20c
Assignment
cis C=C stretch
trans C=C stretch
out of plane
deformation
( trans )
out of plane
deformation
(vinyl)
^The bands in the region 3000 cm ^ (olefin C-H
stretch), 1460-70 cm'^ and 7OO-8OO cm"^ (cis
135
olefin) cm useful in analyzing butadiene homopolymer
spectra, are obscured by strong styrene adsorptions in SBS
systems (see styrene reference spectra, IR-21)
.
^907 cm styrene band (medium intensity) overlaps
with (strong) 910 cm~"^ vinyl band (see styrene reference,
IR-32). 720-730 cm""^ are new bands which appear between
the strong 699 and 750 cm styrene bands.
3. Nmr spectra. The nmr spectra of samples were
determined in carbon disulfide solution at 37°C.
Sample
SBS-B-1
SBS-B-2
SBS-B-3
Solution Concentration
7.5^ w/v
1 .b% w/v
Hydrogenated polymer not
soluble at low temperature
Ref
NMR-
9
NMR- 10
Peak positions and assignments
A D D A B C
CH2-CH=CH-CH2- CH2-CH-
<^ n
E
Types of protons present in partially hydrogenated SBS
copolymers
.
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Proton
r Ob i. u 1 on
(ppm)
oJdo—
Observed
B-1
Calculated*
SBS-B-2
Observed
A
P
O O IJ
1 il P± • '-r C.
2.00
1.22
• •
• •
• •
• •
• •
7 .
2
• •
• •
• •
D (small)
D
5 .00
5.32
2.4 1.8
• •
0 .19
• •
E
E 6.95
1.0
• •
1.0
• •
1.0
• •
*Calculatlon based
76% PBD 2k% Styrene.
on this analysis gives composition
Thermal analysis. Thermal analysis was obtained
by DSC at scan rates of 20°/min and 5°/min; temperature
range 35°C to 135°C.
Samples
SBS-2
Weight
,
mg
Area/mg
(Sq Inch)
R=4 R=8
Tm
20°/min. '
(°C)
5°/min. DSC
(°C) Ref
7.9 (5.5 PBD) 0 .367 0.169 66 70 . 3 3a
SBS-3 9.8 (6.9 PBD) 0.698 0.324 97 91.8 3b
5. Calculation of per cent hydrogenation . The
percentage of hydrogenation was determined by elemental
and nmr analysis
.
Elemental analysis: The weight of hydrogen uptake
observed divided by the amount which would be taken up
theoretically in a 100^ hydrogenation (2.2870 theoretically
for 70-30 copolymer) gives the per cent hydrogenation by
elemental analysis.
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Sample % H
% H corr. to
100^ C and H H increase % Conv.
SBS-B-1 9 .66 9.78
SBS-B-2 11.84 12 .01 2.23 97
SBS-B-3 11.97 12. 16 2.38 104
nmr (SBS-B-2): The relative number of vinyl protons to
ring protons goes from 2.4/1.0 (SBS-B-1) to 0.19/1.0
(SBS-B-2)
.
Taking into account a statistical factor of
2.5, the number of butadiene units (intact) per each ring
(styrene) unit is calculated as 6.00 in SBS-B-1, which
decreases to 0.47 in SBS-B-2. This corresponds to a 92^
hy drogenation
.
Infrared: Because film spectra were obtained, it was not
possible to use a Beer's law calculation, however, the
infrared for SBS-B-2 showed residual olefin content at
965 and 1650 cm~^ while that for SBS-3 shows complete loss
of peaks attributable to olefin structure ( ^lOOfo conver-
sion) .
Cis-1 , 4-polyisoprene . One sample (PI-2) was removed
after three hours of reflux for infrared analysis. The
remainder (PI-3 reacted a total of 4 hr) was cooled,
filtered, and precipitated from xylene into methanol.
The hydrogenated product (a strong rubber) was further
purified by reprecipitation from a benzene solution into
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methanol and dried by vacuum treatment at 50°C for twenty-
four hours
.
Characterization
1. Elemental analysis.
PI-1
PI-3
(100^
Hy drogenated)
observed
calculated
observed
87.63^ C
88.17fo C
85.30r. C
2 .
Sample
PI-1
PI-2
PI-3
Infrared spectra.
11.5 77o H 0.8 ^ other
11.84fo H . .
13.15% H 0.95^ other
calculated 85.80^ C l4.20f» H
Films Cast From Solvent
benzene
xylene
xylene
IR Ref
22
23
23
Analytical Bands
,
cm-1 (PI-1)
3050
1680
835
Effect of Hydrogenation
(PI-2 and 3)
completely lost
completely lost
completely lost
Assignment
olefinic
C-H stretch
C=C stretch
C-H out of
plane
deformation
3. Nmr spectra (Appendix 4). Nmr spectra were
determined on samples dissolved in carbon disulfide and
deutero chloroform at 37°C
Sample
PI-1
PI-3
Solution Concen'
tration
1.5% w/v
1.5% w/v
Solvent
carbon
disulfide
deutero
chloroform
NMR- 11
NMR- 12
139
Peak positions
,
assignments , relative areas
.
Sample
PI-1
Position (ppm)
1.64 (singlet)
1.95
2 .00
Assign-
ment
CH^
Relative Area
Observed Calculated
( doublet)
5.04 (unresolved vinyl
multiplet
)
PI-3 0 .77
0.98
CH
2.95
4 .20
1.00
1.00
3.00
1.00
1.00
( doub let
1.23 multiplet
center
,
broad peak
1.0 to
2 . 1 ppm
.The peak at 5.0 4 ppm was completely gone, while the peak
at 7.3 ppm was found to be caused by contamination of the
nmr solvent by benzene.
4. Thermal analysis. Thermal analysis was preformed
with the DSC at a scan rate of 20°/min over a temperature
range -80°C to +300°C, sample size 13-2 mg. For PI-3, one
transition (Tg) was observed at -6l°C (see DSC-4,
Appendix 6 )
.
5. Number average molecular weight. The number
average molecular weight after hy drogenation of
PI-3 was
Mn = 122,800 as determined by membrane osmometry
at 37°C
in CHCl^.
6. Calculation of per cent reduction. Nmr and
infrared spectra both indicated no residual olefin content
in PI-2 and 3. The amount of hydrogen uptake observed by
elemental analysis (PI-1 vs. PI-3) divided by the amount
which would be taken up theoretically in a 100^ hydrogena-
tion indicated a conversion of 9^% had been achieved.
Poly-2
,
S-dliTiethy Ibutadiene . The reaction mixture was
cooled and filtered to remove insoluble matter. Direct
precipitation from methanol was attempted but this method
yielded a very fine, nonfilterab le material. Thus,
decahydronapthalene and xylene were removed by distillation
on the vacuum manifold to give a very viscous, yellow
orange liquid. The product was methanol insoluble but
could be further fractionated with hexane. One fraction
was a hexane insoluble, white powder (a byproduct), the
main portion, and desired product, was a hexane soluble,
viscous liquid (P-121-2).
Characterization
:
1. Elemental analysis.
P-121-1 observed 82.84^ C 10.6 3^ H 4.41^ 0 1.2% ash*
calculated 87.80^ C 12.20f. H
*after CgH^^ extraction; before extraction with
cyclohexane, 3-^% ash.
P-121-2 observed 83.36^ C 12.02fo H 0 ash, nil
calculated 85-70^ C 14.30^ H . .
hexane observed
insoluble
byproduct
60.49^ C 5.15% H 3^.3S%
other
2. Infrared spectra.
Sample
P-121-2
P-121-2
Analytical Bands
,
cm (P-121-1)
l645cm
-1
Films Cast From Solvent
decahy dronapthalene
hexane
Effect of Hydro-
genation
(P-121-2)
decreases
considerab ly
IR Ref
24
25
Assignment
C=C str. in
iH. CH
5 n3
2
I
2
m
1690cm-1 decreases
considerab ly
C=C str. in
CH.
-CH,
C=C
/CH3
\
CH.
1730cm
-1 decreases
considerab ly
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3. Nmr spectra. The nmr spectrum of P-121-2
(product) was obtained from a 10% w/v solution In carbon
disulfide at 37°C (NMR-13, Appendix 4).
Peak positions, assignments and relative areas
Position
Hydrogenated Portions
0
.
76 ppm
Assignment *
H H
I I
CH^-C-C-
Relative Area
14.8 total
1.20 ppm -CH2-C-
Unsaturated Portions
1.60 ppm CH^-C=C
0
14.0 total
1.94 ppm -CH2-C=C
*See p 216-218
4. Calculation of per cent hy drogenatlon . The
percentage of hy drogenatlon was determined by elemental
and nmr analysis.
Elemental Analysis. The amount of hydrogen uptake
(P-121-1 vs. P-121-2) divided by the amount which would be
taken up theoretically at lOOfo hydrogenatlon gives a cal-
culated cotiverslon of 62. 5?^ •
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Nmr analysis. The aliphatic CH^ and CH^ protons adjacent
to a residual olefin linkage (i.e., those in a non-reduced
repeating unit) resonate at 1.60 and 1.94 ppm while hydro-
genation of the olefin causes these resonances to shift to
0.76 and 1.20 ppm respectively. There are ten such protons
before hydrogenation and twelve after. Taking this
statistical factor into account, the areas observed in the
P-I26-2 nmr (NMR-I3) yield the following calculation:
'y.^s ^ n/.\ X lOOf. reduction = 4?^ reduction.(14.0/5 ) and (14.8/6)
Both of these analyses are in general agreement with the
infrared spectra of P-126-2 which shows considerable,
though not complete, loss of C=C stretching bands.
Hydrogenation of poly-2 , 5-dimethy 1-2 , 4-hexadiene . The
reaction mixture was cooled, filtered twice, and placed in
the refrigerator under nitrogen. A precipitate formed
which was isolated by suction filtration (P-123-2), washed
with methanol and dried in vacuuo at 50°C for twelve
hours.
The remaining reaction solution was vacuum distilled
on the
high vacuum manifold to yield a second solid
residue
(P-123-3). A portion of P-123-2 was rehy drogenated
under
similar conditions to the above in an attempt
to force
hydrogenation further. This second product was
designated
P-123-^.
Characterization
1. Elemental analysis. :
P-123-1 observed 86.98f»C 12.74^H 0.17$? ash nil 0
calculated 87-30^0 12.70^H
. .
P-123-2 observed
P-123-3 observed
P-123-^ observed
( 100^
hy dro-
genated)
calculated
85.98^C
85.48^C
85.7 %C
13.00f«H 0.21^ ash 0 . 8l^ 0
13.00^H 1.00^ ash 1.35^ 0
12.90f.H 0.8Q% 0 ash
2. Infrared spectra. Infrared spectra were deter^
mined from films melt casted onto salt plates.
Sample
P-123-1
P-123-2
P-123-^
IR Ref
26
27
27
Analytical Bands,
cm-i (P-123-1)
30 32 cm
-1
1675 cm""'" moderate decrease
1615 (very small) cm""^ ^^ot observable
Effect of Hydrogenation
(P-123-2, 4)
small decrease
-1 slight decrease
8l5cm
-1 slight decrease
Assignment
olefin C-H
stretch
C=C stretch
C=C stretch
(?)
C-H out of
plane defor-
mation (?)
C-H out of
plane
deformation
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3. Thermal analysis.
Sample
P-123-1
P-123-2
P-123-4
Softening Points, °C
230-40
215
195
4. Calculation of per cent hy drogenation
. Comparison
of the amount of hydrogen uptake (0.36% when corrected to
100% C + H) to the theoretical amount for 100% conversion
(1.6%) (P-123-1 vs. P-123-2) yields a calculated conversion
of 22.5.
Poly-2- chlorob utadiene (neoprene) . The product,
P-126-2, was isolated by removal of the solvent on a high
vacuum manifold. Residual solid was reprecipitated twice
in methanol from benzene solutions and dried in vacuuo
at 50°C for six hours.
Characterization
:
1. Elemental analysis.
P-126-1 observed 56.36%C 6.42%H 30.97%C1 6.25% other
calculated 54.25%C 5.65%H 40.10%C1
P-126-2 observed 55.16%C 6.36%H 28.22%C1 4.55% 0
5.61% ash
calculated 53-0 %C 7.70%H 39-3 /^Cl
The above analysis corrected to 100% C+H+Cl gives
P_126-l 60.0 %c 6.8')%II 33.15%C1
P_126-2 6].52%C 7.08%H 31.40%C1
1^6
2. Infrared analysis
Sample
P- 126-1
P-126-2
Film Cast From Solvent
carbon disulfide
benzene
IR Ref
28
29
Analytical Bands,
cm-1
3030
1668
800
new bands in IR-29
Effect of Hydrogenation
all bands remain
essentially
intact
1922 cm
1600 cm
1^95 cm
1325 cm
-1
-1
-1
-1
700 cm
-1
Assignment
olefin C-H
stretch
C=C stretch
out of
plane C-H
deformation
unknown
unknown
unknown
unknown
CH^
sequences
or olefin
C-H out-of-
plane
deformation
1^7
3. Nmr spectra. Nmr spectra were determined on
5-10% carbon disulfide solutions at 37"C.
P-126-1; NMR-14
Position
2.2 (singlet)
2.35 (doublet)
2.50 (singlet)
5.41 (multiplet)
P-126-2; NMR-15
2.2/2. 35
2 .50
5.35
1.6
1.2
Assignment
-CH^-
next to olefin
olefin H's
-CH^-
as above
olefin H's
long sequences, position
quite similar to
hydrogenated PBD also
consistent with peak at
700 cm-1 in IR spectrum
Area
4.10
1.00
not
determined
4. Calculation of per cent hydrogenation . Calcula-
tion of per cent conversion by hydrogen uptake vs.
theoretical hydrogen uptake at lOOf. conversion indicated
11^ hydrogenation.
E. Reduction with p-toluenesulfony Ihydrazide ; effect
of varying the hy drazide-to-olei in ratio in polybutadie ne
hydrogenation .* The effect of varying the mole ratio of
«Study performed by Mr. William Levinger, Amherst
Regional High School, under the author's supervision.
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reactents from 0.8 to 2.0 (^-toluenesulfonylhydrazlde/
olefin) was evaluated in the series of reactions summarized
in Table EI5
.
All the reactions were carried out in
xylene at a constant reaction time of four hours on
cis_-l,4-polybutadiene. After reaction, the mixture was
cooled and the product isolated by precipitation from
methanol. Since crosslinking was a characteristic feature
of the study, the materials were purified twice by stirring
with purified methanol (0.5 gni polymer/250 ml methanol) and
drying in vacuuo for twelve hours at 50°C.
1. Elemental analysis.
No. 4 observed 80.91^ C 13-^3% H
No. 5 observed 83.77% C 13-54^ H
Polyethylene calculated 85 • 7 ^ C IH.3 % ^
2. Infrared analysis. Infrared spectra of samples
No. 4 and No. 5 were obtained on films cast from xylene.
The spectra of the products possessed the characteristic
polyethylene bands at 2924, 285O (C-H stretch), 1473,
1463 (C-H bend) and 730, 720 (CH rock) cm"^ and exhibited
complete absence of olefinic bands.
F. Hydrogenation with p-toluenesulfony Ihydrazide ;
relative hy drogenation rates of cis and trans polybuta-
diene
.
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Cis-l,4-Polybutadiene:
10.21 g (0.055 mole) of £-t oluenesulfonylhydrazide was
added at the onset of reflux to a solution of 2.00 g
(0.037 mole) of cls_-l, 4-polybutadiene in 100 ml of purified
toluene, the system swept with nitrogen and reacted for
four hours. The ratio of reactants was 1.48/1.00
£-toluenesulfonylhydrazide/olefin. 5-6 ml aliquots,
containing about 100 mg of polymer, were removed at times
varying from fifteen minutes to four hours. The samples
were isolated by precipitation from methanol, washed twice
in fresh methanol and dried at 50° C in vacuuo for twelve
hours
.
Trans- 1 , 4-Polybutadiene
:
10.45 g (0.056 mole) of p_-toluenesulfony Ihydrazide was
added to a solution of 2.02 g (O.O38 mole) of trans-1,4-
polybutadiene in 100 ml of toluene at the onset of reflux.
The system was swept with nitrogen and reacted six hours.
The ratio of the reactants was I.5O/I.OO £_-toluenesulfony 1-
hydrazide/olefin . 5-6 mis aliquots were removed at
intervals from one-half hour to six hours of reaction time.
The samples were isolated by precipitation from methanol,
and reprecipitated after a filtration step from xylene
solutions into methanol. The samples were dried in vacuuo
at 60°C for twenty-four hours.
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Characterization
:
1. Elemental analysis. Elemental analyses were used
to calculate per cent conversion vs. time for partially
reduced hydrogenated polybutadienes ; the procedure and
calculations are given in Appendix 7, Tables El and E2,
and the final results summarized in Table El6 below.
2. Infrared spectra. The infrared spectra of all the
samples below were obtained in order to follow the gradual
adsorbance band changes which occurred in going from poly-
butadiene to polyethylene. The significant portions of the
spectra are reproduced in Appendix 3, IR-30-A to 30-H (high
cis_-l,4 series) and IR-31-A to 31-H (high trans -1,4
series )
.
3. DSC analysis. These analyses are reported in a
separate experimental section (cf. Section 7). In general,
the DSC analyses were performed to study details of
hydrogenation in terms of the increasingly crystallizable
structures which occur as hydrogenation proceeds.
G. Hydrogenation with p-toluenesulfony Ihydrazide
;
relative rate of trans vs . vinyl hydrogenation in styrene-
butadiene random copolymer (SBS-R) . 3.0 g of SBS random
copolymer (0.046 mole polybutadiene content) was dissolved
in 150 ml of purified toluene. At the onset of reflux,
17.16 g (0.092 mole) of £-toluenesulfony Ihydrazide was
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TABLE E16
PER CENT HYDROGENATION VS. TIME OP CIS-
TRANS-1
, 4-POLYBUTADIENE
Sample Time(Hrs
.
)
Per Cent
Reduction
By Ele-
mental
Analysis
IR of Films
Cast From
Solvent
IR
Ref.
High Cis-1,4 Series
carbon disulfide 30-A
carbon disulfide 30-B
carbon disulfide 30-C
toluene 30-D
toluene 30-E
xylene 30-P
xylene 30-G
xylene 30-H
High Trans -1, 4 Series
trans-1 0 0 carbon disulfide 31-A
trans-2 0 . 5 27 carbon disulfide 31-B
trans-3 1 49.5 carbon disulfide 31-C
trans-4 1. 5 64.5 carbon disulfide 31-D
trans-5 2 70.5 toluene 31-E
trans-6 3 82.5 toluene 31-P
trans-7 79.5 toluene 31-G
trans-8 6 83.0 xylene 31-H
cis-1 0 .00 0
cls-2 0 .25 18
cis-3 0.5 33
cis-4 0.75 48
cis-5 1.0 55.5
cis-6 1.5 76.5
cis-7 2.0 78
cis-8 4.0 81
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added which dissolved immediately to form a homogeneous
solution. Aliquots of 10.15 ml (200-300 mg polymer) were
removed at time intervals from ten minutes to one and
one-half hours. All samples were precipitated from
250 ml methanol and extracted once with 250 ml of
methanol. The samples were dried in vacuuo at room tem-
perature and reprecipitated once more from benzene into
methanol, with a filtration step just before the precipita-
tion. These samples were dried twelve hours at 50°C in
vacuuo .
Characterization:
1. Elemental analysis. Samples were submitted for
elemental analysis and the data used to calculate the per
cent conversion as a function of time by comparing the
observed hydrogen uptake to that theoretically expected
for 100^ conversion. The procedure and calculations are
given in Appendix 7, Table Fl, and the results summarized
in Table El?.
2. Infrared spectra. The infrared spectra (IR-32-A
to 32-H; Appendix 3) of the products were obtained on
films cast from benzene . Because the styrene repeating
units were not effected by hy drogenation , these could be
used as an internal standard to determine effective film
thickness among samples. For this purpose, the styrene
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repeating unit band at 1601.4 cm"^ was sufficiently
isolated from polybutadiene adsorptions (Appendix 3;
IR-32-H of SBS-R-0 vs. IR-21 of styrene film). The rela-
tive amounts of trans and vinyl content could be calcu-
lated from the observed adsorbances and known extinction
coefficients at 965 cm""^ and 906 cm""^, respectively, after
subtracting a correction for the strong styrene adsorption
at 906.7 cm , which interfers with the vinyl band of
polybutadiene. The overall hy drogenation was calculated
by following the decreases in adsorbance at I65O cm""''
(C=C stretching) normalized with respect to film thickness.
These results are also summarized in Table EI7, and the
procedures and calculations are found in Appendix 7,
Table F3
.
3. Nmr spectra. The nmr spectra of carbon disulfide
(SBS-R-1,2,3) and benzene ( SBS-R-4 , 5 ,6 ) solutions (10^
w/v) of the products were recorded at 37°C and 60 MHz.
The ratio of vinyl protons to aliphatic protons of all
types (see assignments) was determined by integration, and
this ratio was used to calculate per cent conversion as a
function of time by nmr. The results are given below and
the data and calculations are listed in Appendix 7,
Table F2.
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Peak Position (ppm)
(SBS-R-0)
1.95
4.96
5. 30
7.08
Assisnment
next to
ring
Terminal vinyl
=CE^ (1,2)
Internal vinyl
(1,4) -C=C-
Ring protons
Effect of
Hydrogenation
(SBS-R-3)
shifts
becomes smaller
becomes smaller
remains constant
1.2 long -CH^-
sequences
new peak in
product; increases
with per cent
reduction
H. Thermal analysis of partially hydrogenated poly-
butadiene homopolymers and copolymers . The thermal
properties of several series of partially hydrogenated
butadiene homopolymers and copolymers were studied using
the DSC. The range of samples is indicated in Table EI8.
Thermograms were obtained at two scan rates of 5°C/min.
and 29°C/min.; one sample (hydrogenated cis -1, 4-
polybutadiene) was run at 2.5, 5, 10 and 20°C/min. to
determine the effect of scan speed on the observed transi-
tion points for these types of polymers.
Normally, each sample was first scanned twice to lO^C
above the observed transition and allowed to cool slowly
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back to the starting temperature. A third scan was made
and the resulting curve recorded. For starting tempera-
tures of 308°K (35°C) and higher, no collant was necessary;
starting temperatures lower than this (down to 278°K;
+5°C) required an ice/water coolant bath.
Prom each curve, the temperature corresponding to the
maximum point in the curve (i.e., the curve peak) (tempera-
ture at which the maximum rate of melting occurs for a
given scan rate), the apparent melting point (defined by
the point of intersection of a double extrapolation of the
curve peak and tail), and the area under the peak were
obtained. The latter (in square inches) was measured by
using a compensating polar planimeter (Keuffel and Esser
No. 62-0015) and normalizing with respect to the mg. of
sample involved. All area measurements were performed on
curves run at the same scan rate and attentuations
.
The DSC measurements and results are summarized in
Table EI8; redrawn curves have been placed in Appendix 6,
DSC-2 to DSC-6.
15 8
TABLE E18
THERMAL PROPERTIES OF PARTIALLY HYDROGENATED
BUTADIENE HOMOPOLYMERS AND COPOLYMERS
Rpn.P Peak Max.
Apparent Melting
a ge <monN Point
Sample Meas. 0000°/'^.
/j^oN 20°C/min
Scan Rate 5°C/min 20°C/min
High Trans-
PBD-Ht-8 303-450 lOU 102.25 106.0
PBD-Ht-7 303-453 96 96.0 98.0
PBD-Ht-6 298-458 87 87.5 89.0
PBD-Ht-5 293-458 74 77.4 80.5
PBD-Ht-4 298-i463 62 64.75 68.0
PBD-Ht-3,
2,1^ 293-458
High Cis-
PBD-Hc-8
PBD-Hc-7
PBD-Hc-6
PBD-Hc-5
PBD-Hc-4,
3,2,1^
308-423
30 8-423
293-408
283-450
283-458
92
69
59
37
96 .1
78.0
62.5
41.8
98.0
78.0
65.0
43.5
Includes a correction of -2°C based upon the observed
melting points of benzoic acid and adipic acid used as
standards
.
^No observed transitions.
^Figure in parenthesis indicates the weight of the
butadiene component in the copolymer.
^Hydrogenated four hours in refluxing xylene at a
PTSH
reactant ratio of
^p^^^
= 2/1.
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TABLE El8~Continued
1,4 Series
Sample Areas
(sq in • Ave 3 Area/ DSC Ref. No.
Determinations) ^^P^^ Appendix 6
6.65 11.3 0.588 5
4.51 10.2 0.448 5
4.58 11.9 0.385 5
2.00 6.2 0.322 5
3.60 12.6 0.287 5
1,4 Series
3.09 9.8 0.315 6
2.26 11.0 0.206 6
2.29 12,2 0.188 6
2.63 20.7 0.127 6
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Sample
TABLE E18—Continued
Range
Meas
.
(K°)
Peak Max.
(T°C)
20°C/min
Scan Rate
Apparent Melting
Point
5°C/min 20°C/inin
Styrene-butadiene-styrene
SBS-3
SBS-2
SBS-1
313-^03
308-528
326-593
91
67
none
91.75
70.25
94.0
72.0
DSC Behavior of Completely
cls -poly-
butadiene 273-^23 100 106 .5 113.5
Peak Maximum Temperatures (uncorrected)
T(obs) , °C
115.5
109.5
106.5
105.75
trans -poly
butadiene 313-423 117.5 118.0
(lOV
min
.
)
121.5
113.5
(10°/
min . )
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TABLE E18—Continued
Sample Areas
(sq. in.; Avg. 3 ^ Area/ DSC Ref. No.
Determinations) Sample Mg Appendix 6
Copolymer Series
4.78 9.8 0 .697 3(6.85)^
2.02 7.9 0 .367 3
(5.5)
• • 16.2
• m 3
(11.3)
Hydrogenated Polybutadiene Samples^
7.29 15.1 0 .483 2
as a Function of Scan Rate
Rate, °C/min
20.0
10 .0
5.0
2.5
6.48 10 .2 0 .622 2
/DISCUSSION
I. Molecular Weight Limiting Reactions
in the Anionic Polymerization
of 1, 3-Cyclohexadiene
Introduction and general features
. 1,3-CHD has
been polymerized by numerous techniques (p 19) and, of
these, anionic polymerization is the most advantageous in
regard to molecular weight and conversion. However, even
with the anionic method there are no reported instances of
molecular weights above 20,000. It seems molecular weight
limitation is intrinsic to the monomer, and it was desired
to develop an understanding of this problem in relation to
the present studies on this polymerization system. The
following discussion will hope to show that molecular
weight is limited by chain transfer to monomer, a condition
evidenced by both the formation of low molecular weight
reaction byproducts and the structure of the polymer chain
end
.
B. Comments on previously postulated termination
mechanisms . Previous workers (pp 30-3^) have postulated
on molecular weight limitation in the anionic polymeriza-
tion of 1,3-CHD. The hydride elimination and solvent
reaction schemes (Figure R9 ) reviewed previously are cor-
rect in principle but are known to be kinetically quite
slow relative to polymerization and are associated with
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aging of "living polymer" solutions (82); hence, it is
doubtful that these play an important role in molecular
weight limitation. The allylic abstraction scheme of
Lussi and Barman (Figure Rll), involving abstraction of an
allylic proton from a monomer by the growing polymer to
terminate the chain, is more plausible considering the
reactivity of such protons. Furthermore, there are inde-
pendent studies which lend further weight to this postula-
tlon. Bates, Carnigham, and Staples (p 8) have shown that
both 1,3-CHD and 1,4-CHD are susceptible to allylic
abstraction by strong organic bases (potassium tert .-
amyl oxide) and that abstraction occurs via a common anion.
Here, it was useful to view such strong organic bases as
low molecular weight analogs of the polymeric carbanion
involved in anionic polymerization.
More direct support was presented in the unpublished
study (p 12) of Lenz and Adrian who demonstrated that
1,4-CHD is aromatized in polar media by contact with
n-butyllithium, the specific initiator used in anionic
polymerization. Presumably, abstraction of allylic protons
and a cy clohexadieny 1 carbanion intermediate were involved.
Further, Yamaguchi et al . (20) have shown that 1,4-CHD is a
highly effective chain transfer agent in anionic poly-
merization (Li counterion) of 1,3-CHD. Taken together.
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these studies indicate that 1,4-CHD is susceptible to
allylic abstraction under the specific conditions of
anionic polymerization, and along with its related
1,3-isomer, is susceptible to attack by strong organic
bases
.
The Lussi-Barman scheme, if correct, has some impor-
tant characteristic features which are potentially observ-
able. Detection of these features would verify the
mechanism and serve to differentiate among several sug-
gested alternatives which could occur after the initial
allylic abstraction (Figure Rll). If the cy clohexadieny
1
carbanion resulting from allylic abstraction immediately
reinitiates polymerization the resulting chain will be
characterized by a terminal cy clohexadiene unit. This
allows for molecular weight, but not conversion, limita-
tion. Alternately, this species may eliminate lithium
hydride to form benzene which would occur as a low
molecular weight reaction byproduct. If the lithium
hydride thus eliminated is inert, this mechanism requires
limitation in molecular weight and conversion. In this
regard, Lussi and Barman suggested a reinitiation step
involving lithium hydride; however, there is no known
evidence that lithium hydride alone initiates the anionic
polymerization of even the most active monomers (81). The
inertness of lithium hydride contrasts the behavior of
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lithium aluminum hydride which is an initiator for poly-
merization (81); the difference might be accounted for on
the basis of lithium hydride insolubility in most poly-
merization media.
the anionic polymerization of l.VCHD . 1,3-CHD was treated
with n-butyllithium as a "base" and changes in the benzene
content were observed by nmr spectroscopy (p 98). The
results summarized on Table E5 (p 9 8) and in Figure Dl
indicate an increase in benzene as judged by an increase in
aromatic proton resonances from 0.6 to 2.1% over a period
of 2k hours. Apparently, as in the case of 1,4-CHD,
benzene is formed by abstraction of allylic protons from
1,3-CHD followed by aromatization (Figure D2)
.
FIGURE D2. Abstraction of Allylic Protons
from 1,3-CHD.
+
-LiH
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Two comments are relevant. On the basis of nmr alone it
is not possible to establish if n-butyllithium, the poly-
meric carbanion, or both cause allylic abstraction.
Secondly, the extent of abstraction is much less pronounced
than in the case of 1,4-CHD and therefore, the magnitude of
change approaches the detection limits of the nmr.
To substantiate the nmr findings a gas chromatographic
experiment was performed (pp 99-100). At some point midway
in an anionic bulk polymerization of 1,3-CHD with
n-butyllithium, residual liquid monomer and any reaction
byproducts were isolated by vacuum distillation from the
non-volatile polymer and initiator. This mixture was
analyzed by gas chromatography for changes in the benzene
content as a function of time. The results are given in
Figure D3 . Peaks were identified by comparison with the
retention times of known materials.
The results support the conclusion of the previous
nmr experiment that benzene is formed as a byproduct during
anionic polymerization of 1,3-CHD, and this in turn is
apparently indicative of the formation and aromatization
of cyclohexadienyl carbanions by abstraction of allylic
protons from the monomer by the polymeric carbanion.
A significant question remaining is whether some of
the proposed cyclohexadienyl carbanion reinitiates poly-
merization or all of it immediately aromatizes to (inert)
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Figure D 3. Gas Chromatograms of Polymerization
Reaction Byproducts.
Sample No
5
3.00
Benzene
1 ? 5-Cyclohexadiene
Cyclohexene
2.00 1.00 Distances
Relative to 1,3-
Cyclohexadiene
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benzene and lithium hydride. Reference to the ultraviolet
adsorbance properties of structurally related low molecular
weight compounds (Table Dl) indicates that the residual
TABLE Dl
ULTRAVIOLET PROPERTIES OF LOW MOLECULAR
WEIGHT MODEL COMPOUNDS
Compound \(nvu)
max e Solvent Reference
20 7 450 MeOH 6; p. C259
259 4 ,900 MeOH 6; p. C254
260 10,000 MeOH 8
X e X 6
268
264
261
211
150
226
259.5
255.0
253.5
188.0
166 .5
154.0
7; p. 155
double bonds of the polymer should adsorb weakly in the
range less than 210 n^. However, the potential terminal
diene unit should exhibit an intense adsorbance around
250-260 m^. These adsorbances are sufficiently separated
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to be easily distinguishable in the ultraviolet spectrum.
Further, the molecular weights of the polymer samples of
interest were sufficiently low to allow an adsorbance due
to cyclohexadiene endgroups to be readily detected
(Table E4) .
Table D2 summarizes the adsorbance behavior which
would be anticipated for these conditions if various
TABLE D2
ANTICIPATED ABSORBANCE BEHAVIOR AT 259 nyu FOR
POLYMERS CONTAINING CYCLOHEXADIENYL
OR PHENYL TERMINAL GROUPS
% of
Endgroup
Anticipated for
Cy clohexadieny
1
Anticipated for Phenyl
M =5000
n
10 ,000 5000 10,000
100
50
25
10
1.47
0.735
0.367
0 .147
0.735
0.367
0 .184
0.0735
0 .0675
0 .034
0 .017
nil
0 .034
0 .017
nil
nil
1. assumes sample sizes of 1.5 gm/1 using 1 cm sample
cells
2. for 0.02M solution of cyclohexene, expect A^q^ mu = 10 .
Explains observed upward curvature of spectra (in
Figure D4) beginning at 220 mu.

173
amounts of polymer chains were terminated with cyclodiene
units. These figures indicate it should have been possible
to detect a level of 5^ of the chains present being ter-
minated with one cy clohexadiene unit. The samples studied
included polymers synthesized under polar, non-polar and
bulk conditions. Resulting ultraviolet traces as pre-
sented in Figure D4 indicate that no adsorbance due to
terminal diene units was present. Apparently, therefore,
chain reinitiation does not occur from anions formed during
ally lie abstraction. Here, it might be mentioned it is
generally a more stringent test, especially in ultraviolet
analysis with polymeric substrates, to demonstrate an
observed lack of adsorbance.
The conclusion to this present work is summarized in
Figure D5a,b which depicts molecular weight and conversion
limitation by chain transfer to monomer by either a con-
certed or two-step mechanism. Essential features include
formation of a cy clohexadieny 1 carbanion which immediately
loses lithium hydride and aromatizes. It is noted that
normal propagation requires seriously hindered steric con-
tacts between the methylene groups of the monomer and the
active endgroup. The allyllc abstraction process which
facilely occurs for this monomer in the presence of bases
is considered to be a natural alternative to polymeriza-
tion. In this regard, it is noteworthy that 1,4-CHD does
n
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FIGURE D 5a. Termination by Allylic Abstraction in Non-PolarMedia via a Concerted Process.
Li-'
H .H
Li
Li
FIGURE D 5b. Termination by Allylic Abstraction in Polar
Media via a Two Step Mechanism.
175
homopolymerlze and is an effective chain transfer agent In
1,3-CHD polymerization.
This behavior suggests an important hypothesis con-
cerning the behavior of cy clohexadlene systems in anionic
polymerization. The distribution between ally lie abstrac-
tion and addition (propagation) for the Isomers is defined
in a general way by the thermodynamics of both the
abstraction and addition reactions which may occur for each
Isomer. In the case of allylic abstraction, since the same
incipient anion is generated from both dienes
, differences
in the energy of the ground states should define the
equilibrium concentration of the intermediate allylic
anion (i.e., recall differences in the "steady state"
approximation for free radical polymerization) which will
be formed at given concentrations of dlene and carbanions.
For the cy clohexadlenes , the 1,4-lsomer is 58O cal/mole
less stabilized in the ground state than the conjugated
(1,3) Isomer (p 9). Using a simple Arrhenlus-type
calculation indicates the concentration of cy clohexadieny
1
anion generated from a given concentration of 1,4-CHD and
base (polymeric carbanion) should be roughly twice the
anion concentration resulting from a similar 1,3-isomer cone
Hence, 1,4-CHD
should be approximately twice as likely as the 1,3-isomer
to partake in the allylic abstraction sequence leading to
termination. This difference, however, is not sufficient
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to account for the complete lack of polymerizability of
1,4-CHD by anionic methods. Thus, one might deduce that
the major factor governing the much higher
^transfer/k propagation for 1,4-CHD is the lower reactivity
of the 1,4 compound to carb anionic addition when compared
to the 1,3-isomer.
II. Stereochemistry of Polycyclo-
hexadienes
A. Introduction
. Extensive, and oftentimes elegant
work has been done to relate poly-diene microstructures to
reaction conditions and monomer structure and to rational-
ize the observed empirical relationships in terms of one
overall mechanistic concept (87,88,89). In this regard,
the effect, on microstructure , of having the diene center
present in an unstrained ring system (i.e., 1,3-CHD) has
not been examined in detail and represents a gap in the
current state of this type of information.
Being a cyclic diene, the residual double bond of
1, 3-cyclohexadiene after polymerization must remain in a
cis configuration. Also, the ring methylene groups of the
ultimate chain unit and the incoming monomer will be in
close proximity to the reaction center and might be
expected to exert an important influence on the resultant
ml crostructure
.
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Polycyclohexadiene exhibits a potentially complicated
microstructure (pp 3^-39) characterized by 1,2 vs. 1,4
addition, cis vs. trans ring insertion and a varied
tacticity. The methods developed and used to determine
these structural parameters are described in this section
and the results are interpreted on the basis of a
postulated mechanism.
B. 1,2 vs. 1,4 addition . Background
. Polycyclo-
hexadiene consists of a series of cyclohexene rings wherein
the residual double bond occurring in a six member ring is
locked into a cis conformation. Such disubstituted cis
olefin structures exhibit an adsorption in the infrared
region for C-H out-of-plane hydrogen deformations near
700 cm""^ (9^). Simple hydrocarbon derivatives of
ethylene (Table D3) absorb over a range of 675-730 cm""^,
and cyclohexene, a model for polycyclohexadiene, adsorbs
at 721 cm~^ (IR 9). This variable cis olefin adsorption
holds true for polymers; cis -1 , 4-polybut adiene exhibits
general absorbance over a range 650 to 800 cm which is
assigned to such olefin out-of-plane deformations (95).
In the case of poly cy clohexadienes synthesized in a
variety of media (IR 22, p 178) general adsorption was
observed between 65O-8OO cm"^ in the infrared spectra
(IR 17) and assigned to C-H out-of-plane hydrogen deforma-
tions on the basis of the above background information.
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IR-22. C-ll out-ol'-piaiie deroriiuit i on bands for poly-
cyclohexadienes Gyntlies-uzed in various solvent
media; G2S to 900 om~^ rer:1oti of the infrared
spec trum.
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Support for this assignment occurs In the absence of
adsorbance in this region for samples which were quantita-
tively hydrogenated to poly cy clohexane ( IR 18); this
apparently links the origin of the 65O-8OO cm~^ bands to
olefin content in the precursor polymer. We have attempted
to interpret the multiple adsorbance between 65O-8OO cm~^
in the poly cy clohexadiene spectra in terms of the
1,2 vs_. 1,^ content of the polymers.
Model compound studies
. An essential feature of the
olefin C-H deformation near 7OO cm""*" is its sensitivity
(and hence, potential utility) to adjacent molecular
structure. In simple straight-chain olefins, substitution
of chlorine, methyl or an oxygenated group at the
c<-position, results in a marked shift in the C-H deforma-
tion band to higher frequences (97,98,99). In Table D3,
cis -2-b utene
,
having no branching at the «>^-carbon adsorbs
at 675 cm""'". Addition of an alkyl branch at the p<-carbon,
such as -CH^ or -CH^CH^, shifts this band to 709 cm""'-. Two
alkyl groups, as in ^-methy l- cis -2 pentene, shifts this
band another 10 cm""^ to 719 cm""^. Similar behavior occurs
for chlorinated olefins. The 675 cm~^ adsorption for
cis-2-butene is shifted to 769 and 787 cm"^ with the addi-
tion of one and two chlorine "branches" respectively.
In the present study, a series of dimethy Icy clohexenes
(pp 71-73, 107-109) had their infrared spectra determined
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to verify if the behavior of simple olefins above extends
to more complex cyclo-olefin systems. The results are
summarized in Table D4. The infrared spectra of cyclo-
hexane (IR 8) and the corresponding dimethylcy clohexanes
(IR l4a,f) indicate there are no absorptions in the region
from 625 to Boo cm""^ for the concentration conditions used.
Thus, the bands referred to in the table are apparently
related to the C-H olefin deformation bands.
In attempting to develop a structure vs. adsorbance
correlation, cyclohexene, being the simplest and least
branched compound of the set, was chosen as the reference
compound. This material adsorbs at 726 cm"''". A single
methyl branch at the iv-or ^'.'-position, as in D4b , c
,
apparently does little to vary the position of this band.
Two methyl branches, however, shift the band to fre-
quencies as high as 800 cm"^ (D4d-h). Thus, disubstitution
on one or both ^-carbons (D4d,e) gives a value near
760 cm"-^. Location of this methyl branching at the alpha
position and nearer the olefin center enhances this shift
still further. 3, 4-Dimethylcy clohexene (DMg) possessing
one ^.and one methyl group adsorbs at 750 and 783
cm-\
while 3,6-dimethylcyclohexene (D4h), with both
methyl
groups occurring as branches, adsorbs at 783
and 802 cm'^
However, 3 ,5-dimethylcy clohexene (D^f),
with one .V- and
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one y^^-methyl group, adsorbs at 720 cm""'-, a value consider-
ably less than that expected on the basis of the trend
thought to be exhibited by the other members of the series,
A good explanation for this apparent anomaly is not
known at this time. Nevertheless, it seems qualitatively
true that methyl disubstitution at the ex-and y!3-carbons in
cyclohexene does shift the C-H deformation band from
726 cm~^ to 800 cm""^ in general agreement with the results
previously observed for open chain olefins.
3. Relation to polymer microstructure . In common
with polymers derived from diene monomers generally,
polycy clohexadiene may exhibit structural isomerism (1,2
or 1,4 addition)
.
Vtvw- '
1,4 addition 1,2 addition
1,2 Addition results in the cyclohexene repeating unit
being branched (by adjacent repeating units) once at each
c.:- and carbon atom. 1,4 Addition results in
branching
once at each of the <v-carbon atoms. Utilizing
the
adsorbance behavior exhibited by low molecular weight
olefins as a guide, it was anticipated that the 1,4
units
might produce general adsorbance around 775-800
cm"^ while
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adsorbance due to the 1,2 units would appear at lower fre-
quencies in the region 72O-775 cm"^.
To test this, a set of poly cyclohexadienes was
synthesized under various reaction conditions and their
infrared spectra determined for the region 900-625 cm"''".
The results are summarized in Table D5 ; band positions are
accurate to + 2.5 cm~"^.
In the poly cyclohexadiene spectra, at least five bands
were observed in the 69O-8OO cm""^ region. The bands are
overlapped so that the apparent peak maxima might not
correspond to the actual maxima. For this reason, and
because the relative extinction coefficients are not known,
the results of Table D5 are given on the basis of whether
a band is present (+) or a band is absent (-) . All the
polymer spectra exhibit strong bands at 721-23 cm and
760-65 cm""^ independent of reaction conditions. For poly-
mers synthesized in non-polar media (benzene, toluene,
bulk) additional, bands were observed at 785 and 800 cm""^.
In such media, presumably tight ion-pair propagation occurs
in anionic polymerization of diene monomers, and this state
is known to favor 1,4 addition in open-chain dienes (87).
Assignment of these bands to 1,4-addition would also
be consistent with the previous model compound behavior.
It was predicted that 1,4 addition, which gives the most
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TABLE D5
VARIANCE OF CARBON-HYDROGEN OUT-OF-PLANE
DEFORMATIONS IN POLYCYCLOHEXADIENES AS
A FUNCTION OF REACTION CONDITIONS
Apparent Band Mixima (cm""^)
Synthetic Conditions '
~~
795- 780- 760- , 720- 690
800 785 765 ^^"^^ 725 700sh
THF
0CH3
0
78° - _ + _ + +
0° - _ + _ + +
25° - - + _ + +
78° + + + _ + +
0° + + + _ + +
25° + + + _ + +
0
Bulk
RT + + + +( small) + ?
n-Hexane
w/TMEDA _ _ + + + +
w/THF(9 8/2 :n-
hexane/THF) - - + - + ?
THF
w/Buli/CO^ same as THF alone
Zlegler-Natta
VCI3
TiCl^
w/(isoBu) 3AI
+ ?
+ +
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c?<-carbon branching in the repeating units, would be char-
acterized by the highest frequencies observed for C-H
deformation vibrations. Support for this expectation was
found by observing the effect on the infrared spectra of
poly cy clohexadienes synthesized in the presence of polar
additives in non-polar media. When solvating additives
such as 2% tetrahydrofuran, TMEDA (1/1 mole ratio to
n-buty llithium) are added to polymerizations taking place
in hexane, the bands at 785 and 800 cm~"^ associated with
1,4 addition are absent. Apparently, solvation or com-
plexation interferes with the tight ion-pair formation and
resulting counterion-monomer association needed for 1,4
addition
.
Synthesis in polar media, or in the presence of
solvating agents produced spectra which exhibited only two
strong infrared bands at 720 and 765 cm""^. In the anionic
polymerization of other dienes , high and sometimes exclu-
sive 1,2-addition was favored in such media (87). There-
fore, assignment of the 720 and 765 cm~^ bands to
1,2-addition was consistent with this reported behavior.
Also, this assignment is in accord with the model compound
results which predicted that 1,2-addition, resulting in
substitution at the positions and p to the residual
olefin bond, should be characterized by C-H deformation
189
band frequencies less than those associated with 1,4
addition. '-
In summary, the bands at 785 and 8OO cm""^ have been
assigned to 1,4-addition while the pair at 721 cra""^ and
765 cm""'" were assigned to 1 , 2-addition . Synthesis in
polar media or in the presence of solvating additives gave
virtually exclusive 1 , 2-addition . The use of non-polar
conditions caused partial 1,4-content to be formed but
predominate (about 80-90^ of the total area under the peaks
in the 675-800 cm region) 1,2-content remains. This
assertion would represent an unusual feature of 1,3-CHD
polymerization and a possible mechanistic interpretation
is suggested in the next section.
C. Cis vs. trans ring placement . The nmr and
infrared techniques which are most often used to charac-
terize polymer mi crostructure seem to be insensitive to the
relative amounts of cis vs . trans ring placement in the
case of polycy clohexadiene . The nmr spectra of poly-
cyclohexadienes synthesized in a variety of media all
exhibit two broad, featureless, overlapping peaks at 1.6
and 2.0 ppm for the aliphatic protons (NMR-1) while bands
in the infrared spectra cannot be unambigously assigned to
cis vs. trans ring placement (IR-17). An indirect solution
to this problem has been attempted. The nmr spectra of
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disubstltuted (e.g., methyl, hydroxyl, acetoxy) cyclo-
hexanes exhibit strikingly characteristic resonance pat-
terns for the ring methylene protons depending upon the
els vs. trans placement of the substitutents (see later
discussion). Such compounds may be considered structurally
similar models of the repeating units which would exist
upon quantitative hydrogenation of poly cy clohexadiene to
poly cy clohexane
.
The nmr spectra of isomerically pure cis - and
trans -1 , 2-and 1 , ^-dimethy Icy clohexanes are given in
Appendix 3 (NMH-^-7). For both cls_ isomers, the resonances
for the ring protons are observed as a single, sharp peak
located at 1.^0 ppm., while the trans isomer exhibits a
series of overlapped peaks centered at roughly 1.65 Ppm.
(Table D6 )
.
TABLE D6
RING PROTON PEAK WIDTHS FOR DIMETHYL-
CYCLOHEXANES (90)
Dimethy Icy clohexane Peak Widths ( cycles/sec)
at Half Heip;hts
1,2-cis ^.8
1.2-trans l^.I
1.3- cis 12.8
1.3-trans 8.6
1.4- cis ^.8
1,^-trans 19.2
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This behavior is believed to be caused by a combination of
shielding effects and the relative possibility of rapid
Interconverslon of conformers (91). The equatorial and
axial protons of cyclohexane resonate at I.65 and I.17 ppm,
respectively (9?). Placement of an equatorial methyl group
shields adjacent equatorial protons by +0.28 ppm and
adjacent axial protons by +0.^7 ppm. Thus, trans -1 ,2-
dlmethy Icy clohexane (and 1 , 'I ) , which must have both of its
methyl groups mostly in the diequatorial conformation, has
a temperature independent spectrum (90) which exhibits a
broad resonance for the ring protons. Alternately, an
axial methyl group shields adjacent equatorial protons by
+0 . 'I ppm and the four adjacent axial protons by -0.2 ppm.
This causes the ring proton resonances to sharpen in
cis -1 , 2-and J
,
^l-dimethy Icy clohexane
,
where one methyl group
is always in Iho axlaJ. poijlllon. In addition to this
shieldlnp, efrcct , a rapid interconverslon ol" equivalent
conformers occurs for the els Isomer which causes averaging
of axial and equatorial proton chemical shifts whereas in
the trans isomer the conformation is essentially fixed.
The net effect is the observed narrow resonance peak char-
acteristic of the ring protons of the cis-1, 2 and l,'l
Isomers. This effect on peak width is not restricted to
alkyl groups, but has also been observed for hydroxyl and
19 2
acetyl, etc. (93) groups.
In the present work on polymer microstructure
, it was
hoped that a similar effect in the nmr spectra would be
observed for poly cy clohexanes , where adjacent cyclohexane
rings take the place of the methyl and other groups in the
disubstituted cy clohexanes mentioned previously.
The results are given in Figure D6 . It has been shown
by a combination of infrared, nmr and elemental analysis
that the poly cy clohexadienes involved were essentially com-
pletely converted during hy drogenation to the corresponding
poly cy clohexanes (p 119,121). The synthetic conditions
used to prepare the poly cy clohexadienes before reduction
are noted in the figure. When the original synthesis took
place in non-polar, non-dissociating media (p 28), such as
in benzene or in bulk, the corresponding poly cy clohexa-
dienes after hydrogenation exhibited a narrow resonance for
the ring protons centered at 1.^5 ppm, which is character-
istic of predominantly cis ring placement. Synthesis of
the diene polymer in polar media gives after hydrogenation
of a polymer with a broad, ill-defined resonance for the
ring protons located between 0.8 and 2.0 ppm, which is
characteristic of predominantly trans ring placement.
Further support that increasing trans ring placement
is related to endgroup solvation is found in Figure D6 ,
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No. E. The polymer sample was synthesized in cyclohexane,
a non-dissociating media, but nevertheless exhibited a high
trans_ content on the basis of nmr when a mole equivalent
of tetramethylethylenediamine (TMEDA) to n-butyl lithium
was added to the reaction mixture. the TMEDA is thought to
complex in non-polar media with the lithium to permit
free-ion propagation of the type associated with solvating
media (82; p ':)10) .
Because of the complexity of the spectra, the extent
of cis vs. trans ring placement is not directly available
from the nmr spectra. However, to make an estimate of
cis /trans ratio, isomerically pure cis - and trans -1,2-
dimethy Icy clohexanes were mixed to form a series of
samples varying in cis and trans content (p 112), and the
nmr spectra of the resulting neat mixtures were obtained
(Figure D7). The ring proton resonance peaks for these
models were compared to those in the spectra of poly-
cy clohexanes . Firstly, it is noteworthy that the sharp
resonance peak for the ring protons in the cis isomer
occurs at 1.41 ppm, which compares closely with the loca-
tion of the sharp peak in the polymer spectra at 1.45 Ppm.
Secondly, comparison of peak geometries yields the semi-
quantitative estimate that poly cy clohexadienes synthesized
in polar media contain almost complete trans ring placement
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whereas synthesis in non-polar media gave greater than 75%
cis ring placement. A mechanistic explanation is postu-
lated in the following section.
D. Sterochemistry of propagation in 1,3-CHD poly-
merization
.
The propagation mechanism for the anionic
polymerization of 1,3-CHD must account for high 1,2-
addition with trans ring placement in polar media, and
predominantly 1,2-addition with some 1,4 content and cis
ring placement in non-polar media. Explanations for this
behavior are suggested in Figures D8 and D9
.
In non-polar media, initial complexation of the diene
with the counterion leads to a six center transition state
(I) and insertion of the monomer between the counterion
and chain end (II) to complete the 1 , 4-propagation
(10^;pl2)). In the case of 1,3-CHD, this complexation
would give a transition state which embodies repulsive
steric contacts (8 VII) between the ring methylene groups
on the chain endgroup and the monomer during the formation
and insertion steps, as summarized previously. It is sug-
gested this severe steric hindrance is overcome by an
"off-center" complexation (VIII) which leads to insertion
of the diene in a 1,2 fashion (IX).
In polar media solvation leads to the Ti-allylic
species (8 III) as the propagating center. In open chain
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Figure D 8. 1,2 _ vs. 1,^ Addition in the Anionic Poly-
merization of 1,3-Cyclohexadiene.
A. Proposed Propagation Sequence for 1,3-Cyclohexadienem Polar (Solvating) Media.
+
most active
sites
1,4 addition
B. Presently Accepted Propagation Sequence for Anionically
Polymerized Diene Monomers in Non-Polar Media.
-CH,
,CH=CHR
/ \
CHo--Li + M -CH
CH=CHR
/ \
2
e ©
CHo- Li
\
CHo ^CHo
CH CHR'
e
CH=CHR
/ \ Li
2 / 2 :
CH^ CH.
CH=CHR
II
C. Proposed Propagation Sequence for 1,3-CHp in Non-
Polar Media.
Normal Addition
Altered Addition
Li +
HinderedJ
Contacts
Li
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Figure D 9. cis vs. trans Ring Placement in Polycyclo-hexadiene Polymerization.
A. Non-Solvating (tight ion pair) Media.
I. Carbanion and counterion
are "above" plane of the
terminal ring before
addition.
II After addition, carbanion
and counterion are below
the plane of the terminal
ring unit.
Side View of Chain:
ring repeating
units
III
B. Solvating (free ion) Media
CIS
Addition
Above
>
Addition
Below
V
VI
trans; favored for
steric reasons
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dienes, subsequent additions proceed at the carbon
(Figure D8-III) which is a secondary anion and hence the
most reactive of the three carbon centers making up the
ally lie system. In the case of 1,3-CHD, however, secondary
anion centers are formed at positions and in the
derived allylic species. Therefore, further addition could
occur from either center. Further, on the basis of steric
considerations, 1,4 addition would be slightly more favor-
able (Figure D8-IV, V). These considerations contradict
the infrared interpretations given previously and represent
an unresolved discrepency which may have to be reconsidered
if further experimental data becomes available on poly-
cy clohexadiene microstructure (i.e., C-^^ nmr) .
In regard to ring placement, it is suggested that com-
plexation in non-polar media (9 I) leads to insertion
across the plane or face of the incoming monomer ring (9
II) so that eventually adjacent repeating units will be
located on the same side of a given repeating unit; this
is termed cis addition. Such a mechanism would cause the
counterion to occur alternately above and below a plane
containing the monomer. This results in a zig-zag
arrangement of cis placed repeating units (9 III). In
polar media, propagation occurs via the solvated carbanion
(9 IV). Presumably, therefore, when the counterion is not
200
closely attached to the anion, propagation could result in
either cis (9 V) or trans (9 VI) ring placement. It is
postulated that trans addition (in which the incoming
monomer adds on the carbanion face opposite the side
possessing the polymer chain) is favored for steric reasons
and accounts for the previous nmr results.
E. Polar additives in 1,3-CHD polymerization
. The
addition of carbon dioxide to the anionic polymerization
of 1,3-CHD with n-b uty Hi thium has previously been reported
(pp 39-^^) to be a possible means of molecular weight
enhancement. In our work we have incorporated carbon
dioxide in anionic polymerizations of 1,3-CHD in an attempt
to produce high molecular weight poly cy clohexadiene and we
have conducted polymerizations in the presence of various
polar additives which might approximate the possible
effects of carbon dioxide addition. Polymerizations con-
ducted with the carbon dioxide additive in the present work
did not cause any significant improvements in either
molecular weight, per cent conversion, or softening point
range of the resultant poly cy clohexadienes . The results
are summarized in Table D7
.
As previously discussed, it is possible that addition
of carbon dioxide additive produces a complex mixture of
Bu2C(0Li)2, dibutyl ketone and lithium hydroxide (p 42)
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which may have two possible modes of action. The poly-
merization may be homogeneous with the additives complexing
with the carbanion/counterion pair (Figure DIG, a). This
homogeneous reaction might be approximated by carrying out
an anionic polymerization in the presence of TMEDA (a model
for Bu^CCOLl)^ (Figure DIG, b), although as noted in
Figure DlGc,d, lithium hydroxide and dibutyl ketone in
themselves are chain termination agents for the poly-
merization.
FIGURE DIG. Theory for the Nature and Function
of the Lenz-Adrian BuLi-CO„
Catalyst
.
Li-G Bu
a) P ""Li^ +
n
'C^
Li-G"^ Bu
b) P®Li® +
n
CH^ CH„
\ / '
^CH
CH
CH CH
3
^ p
9
n
Li ^
Li
.1
Li
Bu
Bu
CH CH
^ n
--Li
'CH
CH CH
TMEDA/Li complex increases the rate and
weight in the anionic polymerization of
(^6).
molecular
ethylene
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FIGURE DIG—Continued
H
OLi
c) P^®Li^ + LiOH ^ P ®Li^r^
n
"OLi
> P^-H + Li^OCs)
H
Lithium hydroxide is known to react with polymeric
carbanions to form lithium oxide and, hence, is a
chain terminating species (4l).
d) P^^Li® + BU2^° ©
n
Li
Bu
e ©/
o-c
\
Bu
P ®-Li^
n /
Bu . ' ! Q ^0
Bu
^i-O > BUoCO®Li
p
n
Dibutyl ketone can react with the polymeric carbanion
to form a Li alkoxide and would also be a chain
terminating agent.
Alternatively, the ionic materials just referred to
may form a surface on which a heterogeneous reaction could
ensue. Thl;i situation is superficially similar to the
Alfin catalyst system (79), which to date has not been
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utilized for this monomer. The Alfin system is composed of
a metal alkyl (e.g., alky Isodium)
, an alkali halide (e.g.,
sodium chloride), and an alkali metal alkoxide (sodium
isopropoxide) which form a complex surface onto which the
monomer is presumably adsorbed and activated by complexa-
tion at an active site (100-104). The work reported here
was conducted in a soda bottle applied by the catalyst
manufacturer. The bottle contained 250 ml of dried
pentane which, it has since been ascertained was saturated
1 3-
with ' butadiene gas. In retrospect, it is possible that
the material referred to below is really a mixed trans -1,4-
and 1 ,2-polybutadiene
.
The effect of adding TMEDA is summarized in Table D?
and indicates no significant enhancement in molecular
weight, conversion or softening point range. In the Alfin
polymerization a 6Q% yield of a completely toluene-
soluble, white, strong rubber-like material was formed in
contrast to the white powder which results from anionic
polymerization. The polymer is apparently of high
molecular weight although this property was not determined.
The infrared spectrum of the product (IR 1) is pecu-
liar compared to the spectrum normally obtained for poly-
cyclohexadiene (IR 17). The principle peaks and their
assignments are summarized and compared in Table D8 for the
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TABLE D8
COMPARISON OF THE INFRARED SPECTRA OF
ALFIN AND ANIONICALLY POLYMERIZED
1,3-CYCLOHEXADIENE
Anionic
^ « ^
(THF/BuLi) Alrm Band Assignment
3080 asym. olefin C-H str. (terminal
olefin)
3030 olefin C-H str. ( trans olefin)
3015 olefin C-H str. (cis_ olefin)
2990 symm. olefin C-H str. (terminal
olefin)
1680 C=C stretch
1650 C=C stretch
1672 C=C stretch for CHR = CH^
1640 C=C stretch for CHR = CHR
995 C-H olefin deformation for RCH=CH2;
912 both bands required for assignment
968 C-H olefin deformation; trans
olefin
765 C-H olefin deformation; cis olefin
720 C-H olefin deformation; cis_ olefin
206
Alfin polymer and an anionlcally polymerized polycyclo-
hexadlene. The assignments are based on guidelines given
by Belamy (9II)
.
In the Alfin product, the residual
unsaturation occurs as trans and terminal vinyl (RCH=CH )
groups. Such structures could only arise from opening of
the diene ring during polymerization which, if true, is
heretofore unknown for a cyclodiene system. This work must
be repeated using separately prepared pentane solutions and
further characterization carried out to understand and
verify these results.
III. Hydrogenation of Polymeric
Substrates with Diimide
A. Introduction
. Hydrogenation of poly cy clohexadiene
to polycyclohexane with diimide was initially of interest
in determining the structure of the precursor polymer. The
technique exhibited a number of favorable synthetic char-
acteristics and the final aim of this thesis was to evalu-
ate the generality and characteristics of this reagent in
its reaction with high molecular weight substrates. Poly-
mers investigated included polybut adiene homo- and
copolymers, poly cy clohexadiene
,
polyisoprene
,
poly (2, 5-
dimethyl-2 , ^-hexadiene)
,
poly(2,3 dimethy 1-1
,
3-butadiene)
and poly ( 2-chloro 1 , 3-butadiene ) . These materials
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Illustrate the effects of structural changes at or near
the residual polymer double bond on the utility and gen-
erality of the reaction with polymers.
B. General procedure and comments
. For application
of the technique to polymers dilmlde was generated by the
unimolecular decomposition of g.-toluenesulfony Ihy drazide
,
p-TSH, which allowed mutual solubility of the polymer,
product and hydrogenation agent at all degrees of conver-
sion when the reaction was conducted in aromatic media
(see p 121 and solubility chart, p 12^. This feature of
common solubility is thought to be critical. For example,
poly cy clohexadiene was k5% hydrogenated when a 50/50
diglyme/toluene mixture, in which neither starting polymer
nor product were soluble, was used as the solvent. In
toluene only, poly cy clohexadiene is soluble but the product
poly cy clohexane is not, and the observed conversion was Q0%
under otherwise similar conditions. Finally, complete
hydrogenation occurred in both xylene and mesitylene which
are solvents for all components of this system.
For reaction, a 3% weight to volume solution of the
polymer dissolved in mesitylene, xylene or toluene was
allowed to react at a 2/1 mole ratio of p-TSH/olefin under
a nitrogen blanket, at reflux, for four hours. The p-TSH
dissolved at 75-90°C. The aromatic solvent used in a giver
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case was dependent upon ease of product workup. It was
most desirable to use the lowest boiling solvent consistent
with dissolving all components of the reaction system.
For example, in the reaction of poly cy clohexadiene the
product precipitated easily from xylene, but mesitylene
gave a chalk-like suspension which was difficult to
isolate (see p 121).
C. Empirical verification of diimide hy drogenation
of polymeric substrates . The conversion of unsaturated
precursor polymers to partially or completely hydrogenated
derived polymers was verified by infrared spectroscopy and
elemental analysis, and when sample behavior permitted, by
nmr and thermal (DSC and Fisher-Johns softening points)
analysis. This section summarizes and comments upon the
analytical results obtained for each system examined.
Trans -1
,
^4-polybutadiene . Elemental analysis gave a
calculated conversion to polyethylene of 7^-3% according
to the procedure outlined in Appendix 7-
The infrared spectra of the product indicated complete
loss of bands at 3020 , l660 , 965, and 910 cm""^ present in
the spectra of trans -1 , ^-polyb utadiene and related to
olefin structure (p 132). Two new bands at 720 and
730 cm"''" appeared in the product spectrum and are charac-
teristic of -CH - rocking vibrations for the crystalline
Cm
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and amorphous regions of polyethylene, the anticipated
product. :
Thermal analysis of the product (p I33, DSC-2)
indicated a polyethylene melting transition of 118°C
typical for low density polyethylene. Because this initial
polymer had a m% vinyl content, complete hydrogenat ion
would produce a polyethylene having approximately 15
branches (-CH^CH^ branches) per 1000 carbon atoms. Thus,
the observed melting point is in good agreement with that
expected (83; Table D9 ) for a branched polyethylene.
TABLE D9
MELTING POINTS OF POLYETHYLENE AS A FUNCTION
OF THE NUMBER OF CH3 GROUPS PER
1000 CARBON ATOMS
No. CH^/IOOOC
87
28
28
8
0
105
10 8
113
123
132
Hydrogenated trans - 1 , ^-polybut adlene in this work:
15 (-CH^CH ) 118°0
210
Styrene-butadiene copolymers.
Styrene-butadiene-styrene block copolymer. The
observed increase of 2.38/0 in hydrogen (SBS-3, p 134)
content corresponds closely to the value of 2.28^ calcu-
lated for quantitative reduction of a 7O/3O SBS copolymer.
Nmr analysis of sample SBS-2 (p 135, NMR-10) which was
somewhat less hydrogenated (hydrogen increase by elemental
analysis was 2.23^) showed an absence of olefin proton
peaks at 5-00 and 5.32 ppm present in the starting material
(SBS-1, NMR-9). Concurrent with this loss, a new peak at
1.22 ppm appeared; it was assigned to the methylene pro-
tons in isolated -CH^- sequences. The ratio of the number
of vinyl to aliphatic protons in SBS-1 vs. SBS-2 was used
to calculate (p 135) a conversion of 92^, in good agreement
with the value of 97% calculated from elemental analysis.
Infrared spectra of SBS-2 (IR 20b) and SBS-3 (IR 20c)
did not possess the olefin bands at l640, 165^, and
965 cm"-^ present in the spectra of the starting material
(SBS-1, IR 20a) (p 134). The band at 910 cm""^ (vinyl) was
considerably reduced but not eliminated. The infrared
spectrum of polystyrene (IR 21) suggests that this residual
adsorbance is due to the strong polystyrene band at
907 cm"-^, rather than residual vinyl unsaturation . It
is
interesting that the product spectra both exhibit the
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doublet band at 720/730 cm" associated with polyethylene
crystallinity
.
This is consistent with the block nature of
the starting material which would result in a long poly-
ethylene sequence after hydrogenation
.
The DSC traces of SBS-2 and SBS-3 (DSC-3) exhibited
polyethylene-like melting transitions at 70°C and 92°C,
respectively. The starting material exhibited no observed
transitions in the range 326° to 593°K (Table E19).
Styrene-but adiene random copolymer. The observed
increase of 2.^Q% in hydrogen for the most hydrogenated
sample (SBS-R-8) corresponds to 9^% of the 2.65^ hydrogen
Increase calculated for quantitative hydrogenation of a
random Q2% butadiene-l8^ styrene copolymer.
Nmr spectra of increasingly hydrogenated samples
(NMR-16-18) were characterized by gradual loss of vinyl
protons at 4.96 and 5-30 ppm with growth of a peak at
1.2 ppm assigned to the methylene sequences arising from
hydrogenation
.
Infrared bands observed at I65O cm""^, 965 cm and
910 cm"''" in the starting material spectra (SBS-R-1, IR
32h). The band at 720 cm~^ due to -CH^- rocking vibrations
of polyethylene, occurred alone; the band at 730 cm
apparent in the hydrogenated styrene-but adiene block
polymer, was not observed. This result is in accord with
the random nature of the copolymer.
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Polycyclohexadlene
.
Quantitative hydrogenation of
polycyclohexadiene yielded poly cy clohexane
, which may be
polymerized directly from cyclohexane only by treatment at
extreme pressure (84) and only to very low molecular
weight. The hydrogenation procedure developed here is
thought to be the only known practical route to this
polymer. In summary, the hydrogenation to poly cyclohexane
is apparently complete and crosslinking or degradation of
the polymer did not occur. Discussion in this section
refers specifically to the conversion of polycyclohexadiene
P-50-1 to poly cyclohexane P-54-1 (p 121) . However,
examination of similar samples indicated that these results
were typical and reproducable (Tables B,C,D, Appendix 7).
The formation of poly cyclohexane is supported by
several independent observations. Cyclohexene, a low
molecular weight model compound for polycyclohexadiene, was
converted in 77% yield (p 79) to cyclohexane by diimide
from the thermal decomposition of p-TSH. Bands and peaks
characteristic of olefin content in the infrared and nmr
spectra of poly cy clohexadienes were quantitatively absent
after diimide hydrogenation (p 81,83), and bands attributed
to saturated content were observed to appear or increase.
Thus, the bands at 3015, l680, I65O, 765, and 720 cm~^ in
the infrared spectra of polycyclohexadiene (IR 17) were
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completely removed upon hydrogenation
, while bands at 2920,
2850
,
and 1^160 cm"^ (film) increased (IR 18). Similarly,
the olefin proton peaks at 5.64 ppm in the nmr spectrum of
polycyclohexadiene was lost, while unresolved peaks were
found from 0.75 to 2.00 ppm (NMR-1 vs. NMR-8)
.
Elemental analysis supports this spectroscopic evi-
dence. A hydrogen increase of 1.74^ of the total weight
was observed and is 80^ of the 2.19^ increase calculated
for quantitative conversion, but nmr analysis of the
starting material (p 100, Table E6 ) indicated that only
83^ of the theoretical olefin content was present in the
starting but. Thus, the observed value of 80^ was in good
agreement with what would be calculated for quantitative
conversion of the particular sample under consideration.
Other supporting evidence includes the solubility
behavior of the hydrogenated material which is altered in a
manner consistent with the transformation of a polycyclo-
hexadiene to poly cy clohexane . Polycyclohexadiene was
soluble in tetrahy drofuran before treatment but insoluble
afterwards while polycyclohexadiene is not soluble in
cy clohexane, but the hydrogenated product went into solu-
tion readily
.
Finally, thermal transition points for polycyclo-
hexadiene were shifted significantly after diimide
21^1
hydrogenation which can be taken as indirect evidence for
a change in polymer structure. Thus, the Fisher-John's
softening point changed from 101-106°C before hydrogena-
tion, to 192-195°C after reaction. Also, the DSC
thermogram indicated that the transition at 88°C before
reduction was raised to 187° C afterwards for the sample
studied.
Cis -1 ,4-polyisoprene . Elemental analysis indicated
an increase of 2.18^ in hydrogen by weight which cor-
responds to 9h7o of the 2.36^ increase which would
theoretically occur for quantitative conversion.
Bands at 3050, I68O, and 835 cm~^ present in the
infrared spectrum of polyisoprene (p I38, IR 22) were not
apparent in the spectrum of the hydrogenated material
(p 92, IR 23) indicating complete conversion on this
basis. The nmr resonance of the olefin protons at
5.04 ppm (NMR-11,12, p 138) in polyisoprene are absent
after diimide treatment. The methyl protons appeared as a
singlet at 1.64 ppm for the starting material; these become
a doublet shifted to 0.77 and 0.9 8 ppm which is consistent
with the addition of a proton to the carbon bonded to the
methyl group. Finally, the -CH2- doublet at 1.95 and
2.00 ppm in the starting material become a multuplet at
1.23 ppm, a value close to the 1.20 ppm previously
noted
in hydrogenated polybutadlenes
.
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Hy drogenatlon of polyisoprene should form a 1:1
alternating copolymer of ethylene and propylene, a rubber-
like material which would be expected to exhibit a low
temperature glass transition between that of polyethylene
(148°K) and atactic polypropylene (253°K) (85). In par-
ticular, this temperature is predictable from the following
relationship which arises from the free volume theory of
the glass transition (86):
1
Tg w^+Bw^
w, Wp
+
Tg^ Tg^
when Tg = glass transition of the copolymer
Tg
,
Tg = glass transition temperatures of the pure
^ homopolymers making up the copolymer.
w-^, w^ weight fractions of the individual
copolymers
.
B = constant for a particular system and is
approximately equal to one.
For the 1:1 ethylene-propylene copolymer w^ - 0.6,
Tg-|_ = 253°K (polypropylene; atactic) and w^ = 0.4,
Tg^ = 148°K (polyethylene), so Tg = 197°K. This calculated
value compares well with the observed transition at
212°K
(DSC-4) found for the hydrogenated polyisoprene.
A scan
rate of 20Vmin was used which could have resulted
in a
several degree "overshoot" of the Tg.
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Poly-2,3-dlmethylbutadlene. The amount of hydrogen
uptake observed indicated a conversion of 62.5^. Compari-
son of the infrared spectra of the starting material and
product (IR 24,25) films showed a relative decrease of the
bands at 1645 and 1690 cm"^, which are assigned to olefin
stretching vibrations.
The nmr spectra of the hydrogenated product exhibited
broad, overlapping peaks centered at 0
.
76 , 1.20, I.60 and
1.90 ppm (MR-13, p 142). The upfield peaks at 0.77 and
1.20 ppm were assigned (see later discussion) to the
methyl and methylene protons of hydrogenated repeating
units, while those at I.60 and I.94 ppm, the downfield set,
were assigned to the methyl and methylene protons of
non-reduced repeating units . The four peaks were over-
lapping but existed as two separate groups of two. The
areas were estimated by planimeter and, allowing for
statistical factors (p 142), the calculated per cent
hy drogenation of poly-2 , 3-dimethy 1 butadiene was 47^.
• Three Sadtler nmr "standard" spectra were available
which aided in making the assignments above (Figure Dll)
.
The compounds below are structurally similar to the polymer
repeating units before (Dll-ll and Dll-III) and after
(Dll-I) hy drogenation . The methyl protons in I, and those
removed from the double bond in II and III have chemical
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FIGURE Dll. Low Molecular Weight Model Coiri'
pounds Structurally Related to
Po ly- 2 , 3- dime thy lb ut adi ene
Before and After Reduction.
I. Sadtler No. 5312 3-niethy Ihexane
a. 0.89 ppm
b
.
1.0-1.6 ppm
II. Sadtler No. 8005
a
.
b .
c .
d.
e .
f
0 . 89 ppm
1.33 ppm
1.55 ppm
1.59 ppm
1.97 ppm
5 . 16 ppm
(A) (A)
CH- CH-
3 I 3
CH^CH^CH^C-CH^
(A) (B)(B) (B)
( cis ) 3-methyl-2-hexene
(A)(B) (E)
CH^CH^CH^C = C H
(F)
CH3 CH3
(D) (C)
III. Sadtler No. 8004 2-methy 1-2-hexene
a. 0.90 ppm
b . 1
. 29 ppm
c. 1.60 ppm
d. 1.69 ppm
e. 1.95 ppm
f. 5.09 ppm
(F)
H(A)(B)(E)
CH^CH^CH^-C =
(C)
CH.
C
I
CH
IVa. Polymer before reduction.
(D)
CH
(-CH2-C
CH3
C-CH^-)^
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FIGURE Dll— Continued
IVb
. Polymer after reduction.
CH^ CH-
'
I
(-CH2 - C - C - CH^-)^
H H
shifts of 0.89, 0.89 and O.9O ppm, respectively. The
placement of methyl groups directly on an unsaturated car-
bon atom (Dll-II and Dll-III), however, shifts this methyl
resonance to 1.55 and I.59 ppm (Dll-II) and I.60 and
1.69 ppm (Dll-III) respectively. This observation sug-
gests assignment of the peaks at I.60 and 0
.
76 ppm to the
methyl groups of unsaturated (Dll-IVa) and saturated
(Dll-IVb) polymer repeating units. Similarly, the
methylene groups next to the double bond in Dll-II and
Dll-III appear at 1.97 and 1.95 Ppm respectively, whereas
methylene groups next to methyl groups had a proton
resonance at 1.33 and 1.29 ppm. The methylene groups in
Dll-I, which has no unsaturation
,
appear between 1.0 and
1.6 ppm. Therefore, the methylene resonances at 1.9^ Ppm
in the polymer nmr were assigned to residual unsaturated
segments, and those centered at 1.20 ppm to hydrogenated
segments
.
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Poly-2,5-dlmethyl-2,4-hexadlene. Comparison of the
amount ol' hydrogen uptake observed by elemental analysis
(0.36^) to the amount expected for 100^ conversion {1.60%)
gave a calculated conversion of 22.5^.
Infrared spectra (IR 26,2?) determined on melt cast
films Indicated a decrease In the relative adsorbance of
bands at 3032, 1675 , 9^5 and 815 cm""'" which Is consistent
with the partial hydrogenatlon observed by elemental
analysis
.
Pisher-J ohn ' s softening points were determined for
samples before and after hy dr(;[f;onallon and a gradual
decline in softening point was noted.
Poly-2-chlorobutadiene . Elemental analysis before and
after hydrogenatlon corrected to 100^ C+H+Cl indicated a
hydrogen increase of 0.23^, equivalent to 11% reduction.
The elemental analysis also indicated a decrease in
chlorine content of 1.75%y or 5-25% of the amount of
chlorine originally present. This loss suggests partial
dehydrohalogenation of the thermally unstable polyvlnyl-
chloride/polyelhyiene copolymer which would be formed
upow hydrogenatlon of Neoprerio ( I'M gure D12) .
Softening Range (°C)
Starting material
One 12-hour reduction
Two 12-hour reductions
230-2'IO
210-220
190-200
FIGUEE D12. Loss of Hydrogen Chloride durin.
the Hydrogenation of Neoprene.
CI
I
(-CH^-C =
H
f
C-CHo-)2 •'n
N2H2 CI
^ (-CHo-C
H
H
I
C
I
H
A
^^2-^n -HCl
(-CH2-CH = CH-CH2-)
N2H2
n i (-CH^-CH-CH-CHo-)2
I
I
2
H H
D. Effect of altering the polymeric substrate
.
The utility of polymer hydrogenation by diimide is
affected by the type and degree of substitution occurring
at or near the residual double (Table DIG). Samples 1 to 5
represent various examples of disubstitution. Sample 4,
having 30% vinyl content in the butadiene portion, con-
tains both monosubstitution and disubstitution. The vinyl
units also represent a case of pendent group unsaturation.
Sample 6, polyisoprene , is trisubstituted while sample 7,
methyl rubber, corresponds to a tetrasubstituted olefin
double bond. In sample 8, poly-2,5-dimethyl-2,4-hexadiene,
the four methyl groups reside on the carbon atoms adjacent
to the carbon atoms of the double bonds. Finally,
sample 9, poly-2-chlorobutadiene , possesses a polarized
bond because of the electron-withdrawing chlorine atom.
In general, polymeric substrates react in a manner
predicted by analogous low molecular weight materials.
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Polymers which exhibit mono-, di-, and trisubstitution
(Table DlO-1 to DlO-6) are quantitatively hydrogenated by
diimide. Further substitution (e.g., DlO-7) reduces the
effectiveness of diimide reduction to 50^, even after
extended treatment to 12 hours to allow for a possibly
slower reaction rate. These observations are consistent
with the behavior of low molecular weight olefins where an
adverse effect upon rate and conversion results from
increased substitution on the olefin carbon atoms, caused,
apparently, by steric crowding in the transition state.
It was interesting that poly-2
,
5-dimethy 1-2 , 4-
hexadiene was reduced less than methyl rubber. Apparently
the methyl groups are still sufficiently close to the
reaction center to adversely affect the conversion. Also
the inertness of Neoprene to diimide is in good agreement
with known inertness of this reagent to polar multiple
bonds in low molecular weight compounds (pp 56-58)
.
The above results are subject to other empirical
factors. Both methyl rubber and poly-2 , 5-dimethy 1-2 , 4-
hexadiene are insoluble in xylene so a mixed solvent of
30 to 35^ tetralin was required to form a homogeneous
system. This media should be less able to support the
polar transition states which are involved in diimide
generation and reaction with olefins. Also, the
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hydrogenatlon of methyl rubber and poly-2
, 5-dlmethy 1-2 , 4-
hexadiene may be obviated because of self-
dlsproportionation (pp 58-59) rather than complete inert-
ness of the substrate to diimide.
E. Molecular weight changes during diimide reduction;
the effect of altering the p-TSH/olefin ratio
. It has been
shown (75, p 73) by Nakagawa et al . that poly(vinyl
chloride) treated with p-TSH for four hours at 100°C in
chlorobenzene did not undergo cross linking or degradation.
In our present work (Table Dll) we have observed similar
behavior for polyisoprene and poly cy clohexadiene treated
with p-TSH in xylene under nitrogen for four hours at
reflux (Table Dll) .
TABLE Dll
EFFECT OF DIIMIDE REDUCTION UPON
MOLECULAR WEIGHT
Number Average Molecular Weights
Sample
Before After
.
^_
. . ^ ^
Reduction Reduction ^^^^icipated
Poly cy clohexadiene
P- 50-1 3,160 3,790 3,240
P-102-8 6,500 9,^00 6,660
Polyisoprene 150 ,000 (est
.
)^ 122,800 15^,400
^On the basis of_previous product results, the manu-
facturer estimates a Mn of approximately 150,000; we are
presently evaluating this material.
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The Mn of 122,800 found for polyisoprene after hydro-
genation seems in good agreement with the approximate value
of 150,000 quoted by the manufacturer. The polycyclo-
hexadiene samples exhibited molecular weight increases
beyond a level accountable by hydrogenation alone and at
present, there is no definite explanation for this.
In one experiment a series of polybutadiene hydro-
genations were conducted in xylene, and the ratio of p-TSH/
olefin was varied from 0.8 to 2.0 (p 14?). When the
reactant ratio dropped below I.5, the system formed a
crosslinked gell. This result suggests that residual
polymer unsaturation which is not removed, or not removed
rapidly enough, may be susceptible to radical or cationic
crosslinking. Thus, oxygen should be rigorously excluded
from the reaction, and it may be useful to add a mild
organic base (e.g., a tertiary amine) to the system as an
acid scavenger.
F. Byproduct substitution during diimide reduction .
Diimide reduction with p-TSH can lead to side reactions
(p 63, Figure D38) which may form products capable of
reacting with residual double bonds of the polymeric sub-
strate before the latter is completely reduced (Figure
DI3) . Characterization of the products of this reaction
has led to evidence suggesting that substitution of the
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FIGURE DI3. Side Reaction Products and Their
Reaction with Residual Polymer
Unsaturation
.
sort depicted in Figure D13,c occurs for polybutadiene
,
and to a lesser extent, for poly cy clohexadiene (Table D12)
.
Reprecipitated cis and trans polyb utadienes were found
to have approximately 99% hydrocarbon content before
reduction with p-TSH. Hy drogenatlon in xylene at a
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2/1 ratio of p-TSH/olefln resulted in products having
97.13^ and 97.12^ hydrocarbon content respectively. When
the p-TSH/olefin ratio was decreased further to I.5/I, the
hydrocarbon content of the product (cis polybutadiene
starting material) decreased to 9^.3%. Reproducible
behavior was noted when toluene was the solvent (Table
D12,a), suggesting that the ratio of reactants was related
to the lowering of hydrocarbon content. Apparently, non-
hydrocarbon materials were chemically incorporated into
the products during hy drogenation
, and the situation was
most pronounced at lower p-TSH/olefin ratios where the
unsaturation was removed less rapidly and completely from
the system. Further, the amou.at of non-hydrocarbon
materials incorporated within a given system increased
with reaction time (Table DI3).
These observations are consistent with side reactions,
such as those in Figure DI3, occurring concurrently with
diimide reduction at a slower rate. Confirmation of this
possibility was provided by the positive sulfur analysis
(0.52^) in the hydrogenated polybutadiene sample (Table
D12,a) tested for this element. Assuming the sulfur was
present as p-CH^^fSO^- pendant groups only (later discus-
sion), the 0.52^S requires that one olefin bond in every
90 to 100 originally present in polybutadiene entered into
the side reaction proposed in Figure D13,b.
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TABLE D13
PER CENT OF NON-HYDROCARBON CONTENT INPARTIALLY REDUCED TRANS-POLYBUTADIENE
AS A FUNCTION OF REACTION TIME
(APPENDIX 7, TABLE E)
Sample Reaction Time % i^on C H(hour) Materials
Ht-1 n c;
? n ^ 1-01
\ 0-75 2.47
\ \'\ 3.19
5 J'n 3.22
? ^'^ 3.^3
\ 3.0 4.42
I ^0 4.72
8 6.0 4.43
An ultraviolet spectroscopic Investigation was per-
formed using the poly cy clohexadlene system. Structurally
homogeneous poly cy clohexadlene and poly cy clohexane do not
possess conjugated unsaturation and are not expected to
o
adsorb above 2100 A in the ultraviolet. However, the
phenyl sulfide and phenyl sulfone chromaphores which
potentially occur in the hydrogenated product polymer, do
adsorb strongly as is summarized in Table Dl4. The rela-
tive extinction coefficients are such that phenyl sulfide
o
would adsorb strongly (A^l) near 2550 A while the phenyl
o
sulfone would adsorb strongly (A^l) near 2250 A if these
groups were present in concentrations of 5 x 10"^ molar
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TABLE Dl4
A
ULTRAVIOLET ADSORBANCE PROPERTIES OF PHENYLSULFIDE AND PHENYL SULPONE CHROMOPHARES
MeOH Solvent
major peak
g/1
Xm (Mu)
A
SO^CH (Sadtler No. 5638 UV Spectra)
1 cm cell molecular weight=170
. 2
3
A
0.2
272.0
0.595
B
0.2
266 .5
0 .640
C
0.2
261.0
0.680
D
0.01
224 .0
0
.
745
B. p-CH
MeOH Solvent
major peak
g/1
Xm (Mu)
A
so CH (Sadtler No. 451 UV Spectra)
1 cm cell molecular welght=l86
. 23
A
0 .2088
273.0
0.59
B
0.2088
267 .0
0.63
C
0 .2088
261 .0
0.61
D
0 .010 4
225 .0
0.67
MeOH Solvent
major peak
g/1
Xm (Mu)
A
(Sadtler No. 120 UV Spectra)
1 cm cell molecular weight=124
. 19
A
0 .0089
253.0
0
.
72
B
0 .0089
206 .0
0.935
2 30
(using 1 cm cell) or greater.
The Ultraviolet spectra of poly cy clohexadiene and
POlycyclohexane were determined in an attempt to observe
these chromophores. The resulting curves are redrawn in
Figure D14; the spectra of the product exhibited a distinct
Shoulder between 2200 and 2300 I. Plotting a differential
curve (using the curve for the poly cy clohexadiene as a
"baseline") indicated this shoulder is formed by con-
tributions from a material (s) having its adsorbance maxi-
mum around 2275 A. This is consistent with and supports
the postulation that the chromophore involved was
pCH^0SO2-
•
The calculated extinction coefficient, e
, at 2250 A
for this substituent is 1.27 x 10^ based upon the data in
Table Dl^-a. The adsorbance maximum (at 2.2 75 A) in the
differential curve in Figure Dl4 is 1.0. These values
yield a calculated chromophore concentration of
~57.88 X 10 M. Because the concentration of polycyclo-
hexane mer units was 3-56 x 10"^ M, about 1/450 of the
double bonds originally present in poly cy clohexadiene
'
underwent this- reaction at a p-TSH/olefin ratio of 2/1.
This result compares to the calculated value of 1/100
determined for polybutadiene at a p-TSH/olefin ratio of
1.5/1, a condition expected to increase the amount of
/O
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byproduct substitution.
The level of ^ l/i|50 is consistent with the nmr and
elemental analysis of poly cy clohexane where aromatic pro-
tons and sulfur were not detected. At this calculated
level, the benzene protons approach 0.1^ and the sulfur
content would be approximately both figures are below
the limits of detection of nmr and elemental analysis,
respectively
.
^ Relative rates of cis , trans and vinyl reduction
in diimide hy drogenation of polybutadiene
. The possibility
of kinetic selectivity of diimide toward the _cis, trans and
vinyl groups present in polybutadiene was considered in a
semiquantitative fashion by evaluating the per cent
conversion vs_. time for various polybutadiene substrates.
This approach was used for two empirical reasons. Since
diimide is the active species rather than the added pre-
cursor (p-TSH) there is no direct knowledge of diimide
concentration based on the amount of added hydrazide.
Also, diimide is a gaseous, transient intermediate (see
p 47) so there are no facile means for monitoring its con-
centration, and a separate study on the decomposition
kinetics of p-TSH in toluene and xylene would have been
required. Another complication is diimide dispropor-
tionation, which occurs at rates comparable to its
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reaction with olefins (pp 58-62). The former reaction
leads to hydrazine, so the rate of this reaction could
have been treated by analyzing and correcting for the
amounts of hydrazine formed; however, this determination
was beyond the scope of present interests.
The relative rate of els vs
. trans hy drogenat ion was
determined by evaluating the per cent conversion vs. time
of a 93r» els m trans
, \% vinyl) polybutadiene and a ^2%
trans (6.6% els, 1.4% vinyl) polybutadiene treated at a
1.5/1 ratio of p-TSH/olefin in toluene at reflux under
nitrogen (p l48)
.
Toluene was specifically chosen because
it was the lowest boiling solvent in which the hydrogena-
tion would successfully occur. Under these conditions,
any difference in the cis vs
. trans hy drogenation rates
should be maximized. The resulting per cent conversions
vs_. time are given as curves in Figure DI5.
Elemental analysis was used to calculate the per cent
conversion as a function of time for the partially hydro-
genated samples using the relation
<rf r,
_
2fc-fh T-.^
0 2
—
where fc and fh = mole fractions of carbon and hydrogen
respectively in the product polymer and fc + fr = 1. Since
this method depends basically upon the carbon-hydrogen
ratio it is not affected by varying degrees of oxidation
234
j:^
(D
• i-l
cd
-P
rH
w
cd
U
+^
•H
O
ch
o •
0)
o •H
•H N
at
en
o
&
t>i oW ^
O CO
<D
CD
cd H
O
<D
-P
> 1
•H PJ
-P
cd ^
rH
-P
(D •H
:5
+3
cd
^
m H
^3 CD
o w
LA
H
tiO
•H
o
•H
W
%
o
o
among the samples and is moderately Insensitive to
byproduct substitution reactions at the level this was
thought to occur. Thus, at 100^ conversion, if one
assumes that one £ CH30SO2- group became substituted for
every 50 butadiene repeating units originally present, the
calculated conversion would vary by about 5^.
with one p CH^0SO^- ner
without pCH_0SO^- : ^ 3^ 2
J ^ 50 butadiene units
= 0.333 fc 0.337
fh = 0.667 fh 0.663
% U = 2fc^ ^ loOf. % u = 2fc^ ^ ^^^^ __ ^^^^
To estimate the relative rates of trans vs. vinyl
reduction, a styrene-butadiene random copolymer containing
70.5^ trans and 29-5^ vinyl butadiene segments was hydro-
genated in toluene at a 2/1 ratio of p-TSH/olefin (p 151) .
The overall per cent hy drogenation ( trans and vinyl) was
determined by nmr analysis and the trans vs
. vinyl content
of the partially reduced samples was found by infrared
analysis (Figure DI6 )
.
Because the original composition
was known, it was possible to calculate (Table P,
Appendix 7) the relative per cent conversion vs_. time for
each component separately (Figure DI7)
.
Figure DI5 indicates the rate of cis and trans
hydrogenation are equal within experimental error for

237
I
o
u
-p
w
o
-P
O
o
H
>
>
CO
cd
U
•p
o
o
•H
-P
O
-r! •
W 0)
O iH
o
CD
-P O
C6 O
Q)
0) S=l
> (D
•H -H
-P ^
cd Cd
rH
-P
0) ^
pq
CQ
Cd
P
f1
o
•H
CQ
^^
(D
o
o
o
oH
O
00
pq pq
Ph 4j
EH
I
cd
ft-p
CD H CD
s:: Pi
O
-H O
o > O
OC\J O o
« • •
-p
o o o
•H
s
•H
BH O
-I- LA
O
H
O O
OJ
238
the conditions chosen. This result is expected to hold
true for solvents such as xylene and mesitylene which are
higher boiling and less kinetically selective. Figures
D16, D17 indicate that vinyl 1,2 segments are hydrogenated
at a greater rate (e.g., at one and one-half hours around
90^ of the vinyl structures were hydrogenated while only
65% of the trans groups had been converted) than the trans
1,4 units. Thus for polybutadiene with diimide at 110°C:
CIS— trans vinyl
.
The more rapid reaction rate observed for the vinyl
groups is in accord with this moiety containing the least
amount of substitution about the olefin bond, and occurring
in a pendent position and hence being more accessible to
the diimide reagent.
On the basis of relative rate data determined for a
variety of unsaturated acids in previous work (see
Table R8, p 52), it was anticipated that k^ would betrans
greater than k . , as opposed to the observed approximate
O -L o
equality. The study was performed in aqueous media at
25°C. Thus, the elevated temperatures (110-l40°C)
required in the present work may be above the level where
selectivity is sufficiently pronounced to be observed.
H. Thermal behavior of partially hydrogenated
polybutadiene homo- and copolymers . DSC traces (Table E19)
2 39
of partially hydrogenated els and trans polybutadiene
(DSC-5,6) have been determined as a function of per cent
conversion. The first polyethylene-like melting transi-
tions were observed at approximately 605? conversion
(Tm=^1.8°C at 5°/mln) for cis polybutadiene and about 65^
conversion (Tm=65.0°C at 5Vmln) for trans polybutadiene.
As per cent conversion Increased the thermogram peaks
shifted to higher temperatures and exhibited Increasing
normalized areas which Is Indicative of the Increased
polyethylene content occurring at higher conversions.
When the normalized peak areas are plotted vs. per
cent conversion (Figure DI8) , both sets of curves begin to
converge rapidly at higher conversions (80^) which may be
expected since both materials give the same final product:
polyethylene having IO-I5 short chain branches per 1000
carbon atoms. However, over the range of 55 to 80^ con-
version the DSC peaks for the partially hydrogenated trans
polybutadiene exhibited significantly higher melting points
and normalized areas at a given degree of conversion.
This behavior Is consistent with the first order
thermal transition at 75°C for trans -1 , 4-polybutadlene
(Table DI5) which makes an endothermlc contribution to the
DSC thermograms in the temperature range measured in
Figure DI8. This contribution would be a function of
o
•H
•H
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TABLE D15
NATURE OF THE FIRST ORDER THERMAL TRANSITION
AT 75° C FOR TRANS-1,4-P0LYBUTADIENE
(85, p 53, section VI)
Modification I
^^og > Modification II
Lattice for 99^ 1 , 4- trans-polybut adlene : pseudohexagonal
•
1 monomer per unit cell '
Cell Dimensions (A)
:
Axis
Modification I
Modification II
a
4.5^
4.88
b
4.54
4.88
c (chain axis)
4.90
4.68
Thermal and Density Parameters:
Density (g/cc)
Entropy of Fusion
(eu/monomer unit °K )
Heat of Fusion
(cal/monomer unit)
Modification Modification
I II
0.93 0.97
6.4
2400+1000
2.7
1100
residual polybut adiene content so the curves in Figure Dl8
should, and do, converge at higher conversions.
CONCLUSIONS AND RECOMMENDATIONS
I. Conclusi ons
^ Stereochemistry and mechanism In the anionic
polymerization of Molecular weight limitation In
the anionic polymerization of 1,3-CHD has been attributed
here to degradatlve chain transfer to monomer. The
propagating polymeric carbanlon, acting as a strong base,
abstracts ally 11c protons from the monomer to terminate
the growing chain and produce a cy clohexadlenyl carbanlon.
This carbanlon then eliminates lithium hydride unlmolecu-
larly and aromatizes, thus completing a sequence of
reactions which limits both molecular weight and conver-
sion
.
The dlene center In 1,3-CHD, occurring within a
six-member ring, was found to exert a significant and
characteristic Influence upon the architecture of the
resulting polymer chain. Polymerization In non-polar
media gave predominantly els placement of adjoining rings
In the polymer chain backbone and predominantly 1,2-
addltlon In contrast to the 1,4- type of addition which
normally occurs for open chain dlenes In such media.
Polymerization In solvatlng media gave predominantly trans
rings placement with conventional 1,2- addition of the
dlene
.
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B. Hydro^enation of polymers with dilr.nHo
Polycyclohexadiene was quantatively hydrogenated with
dlimide to polycyclohexane. The nmr spectra of this
polymer was useful in characterizing the structure of the
precursor polycyclohexadiene. Diimide hydrogenation had
previously been utilized only with low molecular weight
compounds. It has several features which make its use
for the hydrogenation of unsaturated polydienes attractive.
Suitable polymers may be efficiently hydrogenated by treat-
ment with E-toluenesulfonylhydrazides, a diimide source, at
a p-TSH-to-olefin ratio of 2.0 in aromatic media under
nitrogen at reflux for two to four hours. Homopolymers of
butadiene, polycyclohexadiene and polyisoprene and styrene-
butadiene copolymers may be quanti.tative^y hydrogenated, but
alkyl branching at or near the double bonds in the repeat-
ing units of the polymer, as in methyl rubber and
poly-2,5-dimethyl-2,4-hexadiene, gave conversions less than
50%. Polychloroprene was not hydrogenated by diimide in
agreement with the behavior previously noted for low
molecular weight olefins ,(6,12) .
Generation of diimide from p-TSH yields byproducts
which were also observed to react with the double bonds in
polymers undergoing hydrogenation. Thus, between 1/25 and
1/100 of the double bonds originally present in poly-
butadiene, and 1/500 of the double bonds originally
present in poly cy clohexadiene became substituted with
H-CH^^SO^- groups when the polymers were hydrogenated at
1.5 and 2.0/1.0 p-TSH-to-olefin ratios, respectively, in
xylene at reflux. It was also concluded that the
p-CH^^SO^H byproduct could be a potential crosslinking
agent when the p-TSH to olefin ratio was less than 1.5.
The complete solubility of the products after
hydrogenation indicated that excessive crosslinking did not
occur during diimide treatment. Polyisoprene and poly-
cyclohexadiene samples on which molecular weights deter-
minations were made before and after hydrogenation also
showed no excessive chain scission as a result of hydro-
genation
.
A limited number of rate studies were preformed
to give per cent conversion vs_. time data. Under the
conditions of toluene reflux and p-TSH-to-olefin ratios of
1.5, the relative rates of hydrogenation for cis_, trans
and vinyl butadiene segments was found to be
k . k, <r k . T .CIS —' trans ^ vinyl
II. Recommendations
A. Future research on poly cy clohexadiene micro-
structure . 1,2- vs_. 1,^-diene addition in the polymeriza-
tion of 1,3-CHD was characterized by interpreting changes
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m the C-H out-of-plane stretching bands In the infrared
spectra of model cis olefins as related to similar bands
observed In the infrared spectra of the polymers as a
function of polymerization reaction conditions. These
stretching vibrations appear in the polymer spectra as
multiple, overlapped bands, making quantitative interpreta-
tion difficult and subject to error. It is recommended
that carbon-13 nmr analysis, which is directly sensitive to
the makeup of the chain backbone, be used to confirm or
modify the interpretations of the present infrared data.
B. Future research on diimide hydrogenation of
polymer s ubstrates
. Diimide hy drogenation of olefins con-
ducted at lower temperatures (e.g., 25°C) produces selec-
tive cis_, trans
.
and vinyl hydrogenation in the order
cis trans ^CL vinyl. Thus, it may be interesting to
attempt polymer-diimide hydrogenations with the ortho,
meta., and para-nitro derivatives of benzenesulfonylhydra-
zide which are known to generate diimide at temperatures
as low as 25°C. If successful, the technique could be
used to synthesize novel ethylene- cis-butadiene copolymers
using cis - trans polybutadiene copolymers as precursors.
Prom a more fundamental viewpoint, the method could be
useful as a characterization tool. Cis - trans poly-
butadienes made from the radiation-induced isomerization
2H7
of cis-polybutadiene might be selectively hydrogenated and
the product studied by nmr to detect the sequence dis-
tribution of the precursor polymer. This distribution
would be related to mechanistic details of the original
cis —*" t:rans Isomerlzatlon
.
Further characterization of several aspects of the
present dllmlde hydrogenation reaction with polymers may
be useful. It is not known if the reagent hydrogenates
the polymer chains in a random or block-like fashion. It
may be possible to correlate the melting points (via DSC)
of partially hydrogenated polybutadlenes to per cent con-
version to provide information in this area.
While some byproduct substitution apparently occurs
in dllmlde hydrogenation with p-TSH, little quantitative
information concerning these side reactions is available.
It would be useful to confirm the nature of the byproduct
reactions and quantitatively characterize the effects of
substrate and reaction conditions on their extent. The
possibility of controlling these side reactions by adding
small amounts of a tertiary amine to the reaction system
to tie up the reactive, acidic byproducts as inert salts
should definitely be considered in future work. It should
be noted, though, that organic amine-type bases must be
used because stronger. Inorganic bases would promote
2HQ
dilmlde decomposition to Inert materials.
A final area of future Investigation might be
characterization of molecular weight changes during dUmlde
hydrogenatlon. This possibility has been considered for
polylsoprene and poly cy clohexadlene and should be
explicitly studied for polybutadlene homo- and copolymers.
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APPENDIX 1
PRINCIPAL REAGENTS, SOLVENTS, POLYMERS,
AND THEIR SOURCES
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Solvents
benzene (GS or P, certi-
fied)
toluene (GS)
o- xylene (GS or B)
mesitylene (E)
n-hexane (GS)
cyclohexane (GS)
o-dichlorobenzene (P)
Reagents
1,3-cyclohexadlene (C,
9Q% grade)
£-toluenesulfony Ihydrazide
(Ar or E)
titanium tetrachloride
(P, purified)
1, cis -2-dimethy Icyclo-
hexane (CS, 99.9%)
1, trans -2- dime thy lev clo-
hexane ( CS
, 99-9^)
3 , 6-dimethy Icy clohexene
(CS, 99f„)
cis 1 , 4-dimethy Icy clo-
hexane (CS, 99%)
trans 1, 4-dimethy Icy clo-
hexane (CS, 99%)
3 , 5-dimetliy 1 cy clohexene
(CS, 99%)
methanol (GS or P, certified)
tetrahydrofuran (P, certified)
diglyme (An)
decahydronapthlene (P, certi-
fied)
diphenyl ether (E)
carbon disulfide (P,
spectrograde)
chlorobenzene (E)
boron trifluoride (M)
triisobutyl aluminum (TA)
vanadium trichloride (Af)
te trame thy le thy lene diamine
(E)
carbon dioxide (M, bone dry)
cyclohexene (E)
cobalt acetyacetonate (Af)
n-buty llithium (Af or Po)
1 , 4-cy clohexadlene (C)
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2 ,5-dimethyl-2 ,>4-
hexadiene (K)
3,^-dimethylcyclohexanol
(CS)
Polymers
cls_-l,4-polybutadiene (P)
trans-1, 4-polybutadlene
^pT
styrene-butadiene random
copolymer (GT)
styrene-butadiene-
styrene
Sources
P = Phillips Petroleum
Co.
S = Shell
GT = General Tire +
Rubber
BFG = B. P. Goodrich
B = Baker
F = Fisher
E = Eastman
GS = General Stocks
K = K/K Chem.
2 ,5-dimethylcyclohexanol (C)
magnesium sulfate
£is_-l,4-polyisoprene (BFG)
methyl rubber (K/K)
poly chloroprene
poly (2,5-dimethyl-2,i|
hexadiene
)
An = Ansul
M = Matheson
Ar = Aldrich
Af = Alfa Inorganic
Fo = Foote Mineral
TA = Texas Alky Is
CS = Chemical Samples Co.
C = Columbia
APPENDIX 2
CUSTOM MADE GLASSWARE
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Figure 2a. Serum Capped
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Pressure ^ Serum Cap
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Studying Reaction
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Teflon
Stopcock
Rubber
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Scale -- 1/2
APPARATUS POP STUDYING REACTION
BYPRODUCTS IN THE ANIONIC
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150ml
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Figure 4- . Pyrolysis Apparatus
APPENDIX 3
INFRARED SPECTRA
. Alfin-polymex'ized polycyclohexadle-na
IR- 2. 3,6-dimethylcyclohexene
IR- 3. 2, 3-dimethylcyclohexanol
IR- ^. 2.5-
, j-dimethylcyclohexyl acetate
IR- 5. 3,^- and 4, 3-dimethylcyclohexenes
IR- 6. 3,'^-dimethylcyclohexene
r
t
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IR- 7. ^,5-dimethylcyclohexene
IR- 8. Cyclohexane
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IR- 9. Cyclohexene
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. 4-methylcyclohexene
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IR-13.
^,^-dimethylcyclohexene
,*-&illl||lifLCfCLOMIH(i,
IR-15. Hydrogenation of cyclohexene with diimide
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-19a, c. Products of the hydrogenation of polybutadie
with diimide in various media
IR-I9a. Hydrogenation in diphenyl ether
IR-19'b. Hydrogenation in mesitylene
IR-19c . Hydrogenation in xylene
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20a, c. Styrene-Butadiene-Styrene block copolymers at
various stages of hydrogenation by diimide
20a. SBS-B-1 copolymer (starting material)
I279
IR-21
. Polystyrene
IR-22. Polyisoprene
IR-25. Polyisoprene after diimide hydrogenation
280
poly(2,3-dimethylbutadiene)
IR-25. Partially hydrogenated poly(2, 3-dimethylbutadiene)
4 1 '
r
\ 1 1 r- 1 1 1—
IR-26. Methyl rubber
IR-28. Polychloroprene
282
IR-51a. trans-l,4-Polybutadiene
285
IR-30b,h. (3100 to 2800 cm" region). Hydrogenation of
cis-l,4-polybutadiene with ^-"toluenesulfonyl-
hydrazide; variation of C-H stretching bands in
the 2800 to 5100 cm~^ region as a function of
reaction time.
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T
(900 to
Hydrogen-
polybuta-
toluenc-
variation
625 cm""^ region) .
ation of cir.-l ,4—
diene with £-
sulfonylhydrazide
;
of the C-H out-
of-plane stretching bands in the region 625 to
900 cm""^ as a function of reaction time.
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trans-1 ,4-polybutadiene with 2-toluenesulfonyl-
hydrazide; variation of the C-H stretching hands
in the 5100 to 2800 cm""^ region as a function of
reaction time.
-p
•H
PI
O
H
bO
(U
f-f
287
(D O
(D
-PH
7i
•H
,0
t>iH
O
ft
I
rH
I
W
cd
-p
Cm
o
o
•H
-P
cd
s:^
0)
bD
O
u
o
•HP
a
o
0)
I
o
o
o
•H
-P
cd
•H
a
o
(D
O
-H
•H N
bD nJ
CD U
U ^
H
&
oO chO H
<h ^H W
CD
?H
O
-P
I
O
-P
O
LA
a
o
o
o
o
-p
o
CD
0
-P Ch
O
•H
-P
O
Cd
0
0)
Cm
o
o
•H
-P
o
cd n:j
288
1
(B)
1
rv
(c)
1
(D)
1
1
1
(E) 1 (G) I
1
v^v
—
^1
(H) Ij
\
IR-51b,h. (900 to 625 cm" region). Hydrogenation of
trans-1 , 4-polybutadiene with £-toluenesulfonyl-
hydrazide; variation of C-H out-of-plane
deformation bands in the region 900 to 625 cm""'"
as a function of reaction time.
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IR-32b,h. (3100 to 2800 cm~^ region). Hydrogenation of
styrene-butadiene random copolymer with ^-
toluenesulvonylhydrazide ; variation of the
C-H stretching bands in the region 3100 to
2800 cm as a function of reaction time.
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APPENDIX 4
NUCLEAR MAGNETIC RESONANCE SPECTRA
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APPENDIX 5
GAS CHROMATOGRAPHY CURVES
512
313
OH
GC-3,5. Analysis of 3,4-dimethylcyclohexanol and
Dei'ived Materials.
314
GC-6. Dimethylcyclohexenes of GC-5 after Fractionation.
116 72 67 42 mm
GC-8. Conversion of Gyclohexene to Cyclohexane with
£-CH^0SOpNHNH2 in Diglyme
.
APPENDIX 6
DIFFERENTIAL SCANNING CALORIMETRY CURVES
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APPENDIX 7
CATALOG OF POLYMERS AND POLYMERIZATIONS
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TABLE C
'^^'^^SLJryp?L^f CENT HYDROGENATION OPPOLYCYCLOHEXADIENES BY INFRARED
SPECTROSCOPY
for concentration differences. Pe? cent con-
version, C^, then equals inn(| Aprod .
Aprecursor
Sample^ IR No. A-_._
(^) 3015
Cone
.
(mg/lOml
CS^)
Normalized
3015
^R
xn
P-26-1
P-32-2
22a
2^
62 .0
85.5
0 .208
0.068
273.0
86.0
0 .076
0
.079
5
• •
P-26-1
P-39-1
22a
25a 67.0
0.356
0 .17^1
418.5
392.0
0 .085
0.044
48
• •
P-50-1
P-62-1
22a
25b
^5.0
80 .0
0.347
0
.097
313.0
409 .0
0 . 110
0 .024
78
• •
P-50-1
P-70-1
22a
25c
45.0
98.0
0.347
0 .01
313.0
409 .0
0 .110
0 .003
97
• •
P-78-1
P-79-1
22b
25d
71.0
100 .0
0 .148
0.0
310.0
406.7
0.048
0.0
100
• •
P-52-1 25e 97.0 0 .014 340 .0 0 .004 95-100
P-50-2
P-54-1
22a
27
45 .0
97.0
0.347
0.014
313.0
307.0
0 .110
0 .005
95
• •
First member of each pair refers to the startin
material
.
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TABLE D
ELE^ENTAL ANALYSIS
Procedure: The percentage of unsaturation (resldu.l icontent)
.ay be calculated fro» the relation
"
(1.688f -f )
-
.
c h
0TPT2 ^ 100
"here and are respectively the observed
.ole frac-tions of carbon and hydrogen In the product polymer,
hel" Theoretically, for polyoyclo-
^ C = 87.7 % H = 12.3
and for poly cy clohexadiene
,
2 C = 89.9 % H = 10.1.
The mole fractions of C and H theoretically present In eachpure homopolymer are:
Poly cyclohexadlene.
Moles C = 89.9/12 = 7.H3; mole fraction C = 0 H25
Moles H = 10.1/ 1 = 10.10; mole fraction H = O.575
Polycy clohexene
,
Moles C = 87.7/12 = 7.30; mole fraction C = 0
.
372
Moles H = 12.3/ 1 = 12.3; mole fraction H = O.628.
Partially reduced poly cy clohexadienes may be considered to
be made up of contributions from reduced and non-reduced
segments so the following relations hold:
f^ = 0.372 (%S) + 0.425 (%\J)
= 0.628 (%s) + 0.575 (%\J)
% 3 = % saturated % \] = % unsaturated
331
simultaneous solution and rearrangement gives
Therefore
0.142 U = 1.688f
-f
c h
(1.688f
-f )
=
-TO-^ X 100
% R'xn. := r 1 DD-TT'^V XU U u )
Results
Sample
/o n
P- 32-2 87.59 10.25
P- 39-1 84.61 10.4]
P- 70-1 85.52 11.73
P- 79-1 87.27 11.12
P- 52-1 85.56 11.99
P- 54-1 87.15 11.98
P-115-1 87.69 11.97
P-114-1 87.31 11.87
P-124-1 86.67 12.46
Moles C
7.30
7.05
7.13
7.27
7.13
7.27
7.32
7.27
7.23
332
Moles H f
c %U
10 .25 0 . 417 0.583 85
10 .41 0 . 40 4
.
0.596 60
11.73 0 .378 0.622 11
11.12 0.395 0 .605 ^3
11.99 0.373 0 .627 2
11.98 0.377 0.623 9
11.97 0.380 0 .620 15
11.87 0.380 0 .620 15
12. 46 0 .368 0 .632 0
15
40
89
57
98
91
85
85
100
333
TABLE E
CALCULATION OF PER CENT RPnTTPr-Tr^^T
HYDROGENATED C^'IZ Ss^ OLYBUtId^ENEs"BASED UPON ELEMEtiTAL ANALYSIS
llZTTr'' .T
'^"'^'^"'^^^ °' un.aturatlon
.ay .e calcu-ated from the relation
•^^f
-f, )
" « =
-oV^- X 100
Where and fj^ are respectively the observed mole fractions Of carbon and hydrogen m the product polymer. Thederivation Is analgous to that given for polycyclohexene mTable D.
For polybutadiene
,
% C = 88.9 % H = 11.1
and for polyethylene,
% C = 85.7 % E =
Therefore, for polybutadiene
Moles C = 88.9/12 = 7.^; mole fraction C = 0 .Ho
Moles H = 11.1/ 1 = 11.20. ^^i^ fraction H = 0.60
and for polyethylene.
Moles C = 85.7/12 = 7.15; mole fraction C = 0.333
Moles H = 14.3/ 1 = 14.30; mole fraction H = O.667.
fc " °-333 + 0.400 (^U)
= 0.667 + 0.600 (^U)
% S = % Saturated % \j = % Unsaturated
Simultaneous solution and rearrangement gives
(2f -f, )
^ U =
^
X 100
TABLE El, CIS-1,Z|-P0LYBUTADIENE
Sample
%Y{
HC-1 88 02 10 .74
HC-2 8s 48 11
. 21
HC-3
11
. 80
HC-4 84.111 12.06
HC-5 83.95 12.23
HC-6 83.91 13.00
HC-7 83.04 12.94
HC-8 81.42 12.81
Moles C
7.33
7.12
7.18
7.02
6.99
6.98
6.92
6.77
TABLE E2, TRANS-1 , 4-POLYBUTADIENE
Sample
5?H Moles C
Ht-1 88.03 10 .96 7.34
Ht-2 85.94 11.59 7 .16
Ht-3 84.65 12.17 7.06
Ht-4 84.13 12.65 7.01
Ht-5 83.80 12.77 6.97
Ht-6 85.29 12 .71 7.11
Ht-7 82.38 12.90 6.86
Ht-8 82.52 13.05 6.88
355
Moles H f „
— ^
_Ih_ % U %
0.594 ^ —
°-388 0.612 82 0
^2-23 0.363 0.637 44.5 555
^3-00 0.349 0.651 235 7,1
78:o
12-81 0.346 0.654 19.0 81.0
Moles H f f ^ u a,
10- 96 0.401 0.599 101.5 T7"
11- 59 0.382 0.618 73.0 270
12- 17 0.367 0.633 50.5 49.5
12.65 0.357 0.643 35.5 64.5
12-77 0.353 0.647 29.5 70.5
12.71 0.359 0.641 35.7 64.3
12- 90 0.347 0.653 20.5 79.5
13- 05 0.345 0.655 17.0 83.0
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TABLE P2
Procedure: The ratio ^-p
(V), protons presen^ ln a SBR T^'^'' > t° ^inyl,NMR analysis was used ?o calculate th^' ^^^ermlnab legenatlon as follows- the Qn/^n ^ n ^ ^^"^ ^^^^ hydro-
to styrene present in the coDolv^^^i'
''^'•^ Polybutadiene
segments for each styrene unlt^ H l^TT' ^ butadienegenation each styrene unit So.<;p.^! II ^^^^^^ °^ ^^^^O"
tons, while the four allnL??^ ^ ^^""^^ aliphatic pro-
segment increases to ph Pj;°tons in a butadiene
the average number of aSoha??^
hydrogenation. Therefore,
butadiene'unit is%^' ?x wLreVL t°he VrTt"^' ^ ^^^^
b^:?a1ie^;e ^u^T^^^^^e d^u^:d^^f-o ^^^^^^
on the average each^'ut'diene s gme'n con rfbutesl'p"
'°
Vinyl resonances. At the 90/10 molfraJ^rpresent thefollowing relationships hold: Prese
^ "
^styrene ^ Vd = 1° (3) + 90 (4 + i|x)
= 390 + 360x
^ ^
^styrene Vd = 0 + 90 (2-2x)
Since R = V/A
= 90 (2-2x)
R = 90(2-2x)
390 + 360x
The following manipulations are useful:
90 (2-2x) = R(390 + 360x)
note, when X = 1; R = o
X = 0; R = 18/39^
at X = 0; 9 PBD = 18V + 36A
1 styrene = OV + 3A
IbV + 39A
V = 18, A = 39 So R = V/A = 18/39
so the ll^nltlng conditions are satisfied
180 I80x
R ~ = 360 + 30 + 36ox
1 80
—
- 360 - 30 = 36ox + i^Ox
R
I80x(2+1/R) = (180 [i/R _ 2]) . 30
X = i80(iyR-2) - 30
iBo(i/R + 2)— i R = v/A
33S
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TABLE P3
RATE AND COMPOSITION OP REDUCED SBS RCOPOLYMERS DETERMINED BY IR^^
SPECTROSCOPY
Procedure: The %T at 1601 i| om'^ r.^
(. ^
^Dui.q c (styrene only), 965 cm~^(trans butadiene only), 906 cm"! (
1650 om-l ^ . .
(styrene + vinyl), and atcm (total olefin) were determined from the IRspectra of SBS-R samples. The adsorbance at I601 , cm"!was used to correct the adsorbance at 906 cm'^ for styreneadsorption. The corrected adsorption at 906 cm"! colthen be related to the adsorption at 965 cm'^ to give therelative trans vs. vinyl content since the extinction
coefficients are known. The overall reduction was found
using the I65O cm~^ band.
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